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ABSTRACT

This report investigates the parameters that influence the boundary separation tables
of the present New Zealand Building Code Acceptable Solutions. From an extensive
literature review of theoretical and experimental research papers, revisions are
proposed to some of the parameters such as emitted radiation flame projection;
limiting distance and piloted ignition flux. Using these revised parameters new
boundary separation tables are presented and compared to the existing tables. The
new tables result in larger boundary separation (but similar separations between
buitdings) and potential areas for future research are suggested.
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CHAPTER 1: INTRODUCTION

1.1

1.2

PREAMBLE

This project sets out to review the design parameters used for the building
separation requirements of the present New Zeatand Building Code Acceptable
Solutions and compares them with those used by other countries and with the

results of scientific research and experiments in each of the relevant areas.

The effects of changing the various parameters based on the research results
is evaluated using the radiation module of the FIRECALC computer programme
(CSIRO 1993) and suggested changes to the Acceptable Soiutions are

presented.

LEGISLATIVE BACKGROUND

Prior to 1992, the fire design aspects of building construction in New Zealand
were governed by NZS 1900:Chapter 5:” Fire Resisting Construction and Means
of Egress” (SANZ 1988). This Standard was a prescriptive code that set out
strict requirements for fire design based on the use of a proposed building and
the form of construction to be used. The requirements in Chapter 5 were, to
some extent, based on empirical standards laid down by interested parties such
as insurance companies and in most cases these standards dated back many
years.

For some time, the building community in New Zealand had considered that the
prescriptive basis of the existing New Zealand Standards, including Chapter 5,
led in some cases to overly conservative and hence expensive construction
requirements and stifled the use of new and innovative building methods and
materials. After anumber of years of lobbying, the Building Industry Commission
was set up by the New Zealand Government and, on the basis of the work done



by that Commission, the Building Act 1991 was enacted in December 1991 (NZ
Government 1991). The Act's description of itself was:

"An Act to consolidate and reform the law relating to building and to
provide for better regulation and control of building."

Under Part VI of the Act, Sections 48 to 50 set up the legislative framework for
the National Building Code.

In June 1992, the Building Regulations 1992 (NZ Govemment 1992) were
promulgated. The First Schedule of these Regulations was entitied "The
Building Code" and set out the performance requirements for all aspects of
building construction. The requirements for each aspect were set out in a
specific clause with each clause broken down into "Objective", "Functional
Requirements" and "Performance”. The requirements relating to building
separation are included in Clause C3 - Spread of Fire. The particular sections
relating to fire spread to other properties are as set out below:

Objective:

C3.1(c) The objective of this provision is to protect adjacent
household units and other property from the effects of
fire.

Functional Requirement:

C3.2(c) Buildings shall be provided with safeguards against fire
spread so that adjacent household units and -other
property are protected from damage.




1.3

Performance:

C3.3.5 External walls and roofs shall have resistance to the
spread of fire, appropriate to the fire load within the
building and to the proximity of other household units
and other property.

As a performance based code, these clauses set out what is to be done, not how
to do it. In order that the Territorial Authorities (TAs) (Authorities Having
Jurisdiction), designers and builders could have examples of materials,
components and construction methods which, if used, would result in compliance
with the Building Code, a series of Acceptable Solutions (BIA 1992) were
prepared governing each specific clause of the requirements. It should be noted
that these Acceptable Solutions are only one method of complying with the
requirements of the relevant clauses of the Building Code. Under the
requirements of the Building Act the Territorial Authorities are required to accept
a design which complies fully with the methods set out in the Acceptable
Solutions. The Acceptable Solutions also provide guidelines by which
compliance of alterative solutions can be measured.

ACCEPTABLE SOLUTION C3/AS1 - SPREAD OF FIRE

This Acceptable Solution, together with the associated Appendices A, B and C
of the Fire Safety Annex, sets out methods by which the performance
requirements of Clause C3 can be achieved. The sections of C3/AS1 and the
Appendices that have an influence on the requirements for building separation
are as set out below:-

(a}) Building Usage and Fire Load

As shown in Figure 1.1 which is extracted from Appendix A of the Annex,

the various likely uses of buildings are divided into purpose groups.
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FIRE SAFETY

ANNEX APPENDIX A C2,C3,C4
Table A1: Purpose groups
Paragraph A2.1
Purpose Description of Some examples Fire
group intended use of hazard
the building space category
CROWD ACTIVITIES
Cinemas when classed as CS, art galleries, auditonia,
bowling alieys. churches, clubs (non-residential),
community hails, court rooms, dance halis,
For occupied spaces. day care centres, gymnasia, lecture halls, museums,
eating places (exciuding kitchens},
CS applies to occupant tavemns, enclosed grandstands,
CSorCL loads up to 100 indoor swimming pools. 1
and CL o occupant
loads exceeding 100. Cinemas when classed as CL. schools, colleges and
tertiary institutions, libraries (up 10 2.4 m high
hook storage). nighiclubs, restaurants and eating
places with cooking facilities, (non-residential}
theatre stages, opera houses. television studios
{with audience). 2
Libraries (over 2.4 m high book storage). 3
Co Spaces for viewing open air Open grandstands, rocfed but unenclosed grandstand,
activities (does not inckide uncovered fixed seating. ]
spaces below a grandstand).
CM Spaces for displaying. or Exhitition halls. retail shops. 2
selling retail goods, wares
or merchandise.
Supermarkets or other stores with bulk storage/display
over 3.0 m high. 4
SLEEPING ACTIVITIES
sC Spaces in which principal Hospitals, care institutions for the aged. children,
users because of age. mental or people with disabilities. 1
physical limitations require
special care or treatment.
S0 Spaces in which peincipal Care institutions, for the aged or children. with
users are restrained or liberties physical restraint or detention.
are restricted.
Hospital with physical restraint,
detention quarters in a police station, prison. 1
SA Spaces providing transient Motels, hotels, hostels, boarding houses, clubs,
accommodation, or where limited | (residential), boarding schools. dormitones.
assistance or care is provided community care institutions, 1
for principal users.
SR Attached and multi-unit Mutti-unit dwellings or flats. apantments, and includes 1
residential dwellings. household units attached to the same or other
purpese groups. such as caretakers’ flats,
and residential accommodation above a shop.
SH Detached dwellings where Dwellings. houses, being househoid units, or suites 1
peophe live as a single in purpose group SA, separated from each other
househoid or tamily. by distance. Detached dwellings may include attached
sell-contzined suites such as granny flats when
occupied by a member of the same family, and
garages whether detached or part of the same building
and are pamarily tor storage of the occupants’
vehictes. lools and garden implements.

Building industry Authority A7

1 December 1995

Figure 1.1: Acceptable Solution Purpose Groups




FIRE SAFETY

ANNEX APPENDIX A C2,C3,C4
Table A1: Purpose groups (contd)
Paragraph A2.1
Purpose Cescription of Some examples Fire
group intended use of hazard
the building space category
WORKING BUSINESS OR STORAGE ACTIVITIES
wL Spaces used for working, Manufactunng, processing or storage of non- 1
business or storage - light combuslible materials, or materials having a
fire hazard slow heat reiease rate, cool stores, covered
cattle yards, wineries, grading, storage or
packing of horticultural products, wet meat
processing.
Banks. hairdressing shops, beauty parfours, personal
or professionai services, denta! offices, laundry
(sell-service), medical offices, business or other offices,
police stations (without detention quarters), radic
stations, television studios (no audience), smalt 2
tool and appliance rentai and service, tetephone
exchanges, dry meat processing.
WM Spaces used lor working, Manufacturing and processing of combustible materiats
business or storage - medium nol otherwise listed, bulk storage up 3
fire hazard, tc 3.0 m high.
wD Spaces used for working, Areas invohving sufficient quantities of highly
business or storage - high combustible and fiammable or explosive materials which
fire hazard. because of their inherent characteristics constitute
a special fire hazard, inctuding: bulk plants for
flammable liquids or gases, bulk storage warehouses for
flammable substances, chemical manutaciuring or
processing plants, distilleries, feed mills, 4
flour mills, lacquer factories, mattress factories,
paint and vamish factories rubber processing plants,
spray painting operations. waste paper processing -
plants, plastics manufacturing. bulk
storage of combustible materiais over 3 m high.
INTERMITTENT ACTIVITIES
H Exitways on escape routes. Protected path, safe path. 1
1A Spaces tor intermittent Garages, carports, enclosed comdors. unstaffed
occupation or providing kitchens or laundries. lilt shafts, locker rooms,
intermittently used suppoct iimen rooms, open balconies. staircases (within the 1
tunctions - light fire hazard. open path), toilets and amenities.
and service rooms incorporating machinery or equipment
not using solid-fuel. gas or petroleum products
as an energy source,
|»] Spaces for intermittent Maintenance workshops and service rooms incorporating
occupation or providing machinery of equipment using solic-fuet, gas or 3
intermittently used support petroleurn products as an 2nergy source.
functions - medium fire hazard.
NOTE:

IE. 1A and iD spaces are not considered occupiable areas when determining occupant load,
Service rooms are spaces designed 10 accommodate any of the following: boiler/plant aquipment, furnaces, incinerators, refuse.
carelaking/Cleaning equipment, aircondilioning, heating. plumbing or electnical equipment. pipes. litYescalator machine rooms, or
similar services.

1 December 1995

Figure 1.1 (cont'd): Acceptable Solution Purpose Groups

A18 Building Industry Authority




Each of the purpose groups is specified as having a particular fire hazard
category. This category is used to classify the likely impact that a fully
developed fire in that purpose group would have on the building and its
surroundings. The fire hazard categories are defined in terms of the fire load
energy density (total fire load divided by the fire cell floor area) as shown in
Table 1.1 below. It is noted in the appendix that FLED is only one factor
affecting the fire severity in a building.

Other factors that may require consideration include ventilation, surface area to
mass ratio of the fuel and the rate of burning of the fuel. In allocating the fire
hazard categories to the various purpose groups, some consideration of these

other aspects was also taken.

Fire Hazard
Category

Range of FLED Design Value of FLED
(MJ/m?) _ (MJ/im?)
0 to 500 400

501 - 1000 800
1001 - 1500 1200

> 1500 Sgciﬁc design H

Table 1.1: Purpose Group Design FLED
(b) Building Separation

Based on the fire hazard categories detailed in Table 1.1, the building
separations for various configurations are tabulated in a series of tables
given in Appendix C, “Calculation of the Acceptable Unprotected Area in
External Walls”. A copy of a typical table from Appendix C is given in
Figure 1.2.




FIRE SAFETY
ANNEX APPENDIX C C2,C3,Ca

Table C3: Permitted unprotected areas in unsprinklered buildings
Method 4: Enclosing rectangles
Paragraph C5.2.1

Widthof | Minimum acceptable distance (m) between external waif and

enclosing |relevant boundary for fire hazard categories 3 and 4 and purpose groups SC and SD.

rectangle ' | Figures in brackets are for fire hazard categories 1 and 2 excluding purpese groups SC and SD.
(m) (Applies to SH only where more than two fioors) '

Percentage of unprotected area in external wail

20% 0% 40 % 50 % 60 % 70% 80 % 90 % 100 %

Enclosing rectangle 3 m high

3 1.0 (1.0} 15(10) 20(1.0) 20(15) 2515 25(15 25(20) 30(20) 30(20)
6 1.5(1.0) 200100 25(1.5) 30{2.0) 3.0(20) 3520} 35(25) 4025 4.0{3.0)
) 15(1.0)  25(1.0) 3.0(15 35(20) 40(25 4025 45(30) 5.0(30) 5.0 {3.5)

12 20(1.0 25{1.5) 3.0{20) 35(20) 40(25 45(3.0) 50(3.0) 55(3.5 5.5(3.5)
15 20(1.0) 25(15) 35(20) 4.0(25 4525 5030 55(35 60{35 6.0 {4.0)
18 2010 25(1.5) 35(20) 4025 50{25 50(30 6.0(35 65 (4.0 6.5 (4.0)
21 2.0{1.0) 3.0(1.5) 35(20) 45(25) 50{(30) 55(30) 60(35 65(4.0) 7.0(4.5)
24 2.0(1.0) 30(1.5) 35(20) 45(25 50(30 55(35 60(35 70 {4.0) 7.5 (4.5)
27 2.0(1.0) 30(1.5) 40(20) 45(25 55(30 60(35 6540 70{(40) 7.5{4.5)
30 2001.0) 30(1.5) 4.0{20) 4525 55(300 6035 65400 75 (4.0 8.0(4.5)
40 20(1.0 3.0(1.5) 4.0{20) 5025 55(300 65(35 70(40) 80 {4.0} 8.5(5.0)
50 2.0{1.0) 3.0(1.5) 40(20) 50{25 60{3.0) 65(35 7.5(40) 8.0(4.0) 9.0 (5.0)
60 2.0(1.0) 3.0{1.5) 40(20) 50(25 6.0(30) 70(35 7.5(40) 85(4.0) 9.5(5.0)
80 2.0(1.0) 3.0(1.5) 4.0{20; 50(25 60(3.0) 7.0(35 8.0(40) 9.0(40 9.5(5.0)
ne limit 20(1.0) 3015 40200 5025 60(30) 70(35 80(4.0) 9.0(40) 10.0 (5.0}

Enclosing rectangle 6 m high

3 1.5(1.0) 20{1.0) 25(15) 3.0(0) 3.0(200 35(20) 35{25 40{25 4.0 (3.0)
6 2.0(1.0) 3015 35(20) 4.0(25 45(3.0) 50(30) 55(3.5) 55(4.0) 6.0 (4.0}
9 25(1.9) 3.5(20) 45{25 S50(3.0) 5535 6.0(40) 60(45 7.0(45) 7.0{5.0}
12 3.0(1.5) 4.0(2.5) 50(30) 55(35) 65(40) 70(45 75(50) 8.0(5.0) 8.5(5.5)
15 3.0(1.5) 45(25) 55(30) 6.0(4.0) 7.0(45 75{50) 8055 90(55 9.0 (6.0}
18 A5(1.5) 45(25) 55(35 65400 75(45 80(50) 90(55 9.5(6.0) 10.0 {6.5)
21 3519 50(25) 60(35) 7.0(40) 80(50) 90(55) 95(6.0) 10.0(6.5 10.5(7.0)
24 35(1.9) 50{25) 6.0(35 70(45 B85(50) 95(55 10.0(6.0) 10.5(7.0) 11.0(7.0
27 3.5(1.5) 5.0(25) 65(35) 75(45 BS5(5.0) 9560 105(6.5 11.0(7.0) 12.0 (7.5)
30 5 01.5) 50(5) 65{(35 8045 9.0(50) 10060 11.0(6.5 120(7.00 12.5 (8.0
40 A5{1.5) 55(25) 7035 8545 100{55 t10(65 12.0(7.0) 13.0(8.0) 14.0 (8.5)
50 3.5(1.5) 5.5(25) 7535 9045 105{55 115(65 13.0(7.5) 14.0(8.0) 15.0{9.0)
60 35019 $5(25) 75(35 95(50) 11.0{55 120(635 135(75 150(85  150(9.5)
80 3.5{1.5) 60(25) 7.5(35 95(500 115(60) 13.0(70 145(7.5) 16.0(8.5) 17.5(9.5)
100 3.5(1.9) 60(25) 8.0(35 100(50) 12.0(6.0) 135(7.0) 150(8.0) 165(85) 180 (10.0)
120 I5(15)  60(25) B8O(35 10.0{(50) 120(60) 14.0(7.0) 155(8.0) 17.0(5S)  19.0{10.0)
o limit 35{1.5) 6025} BO(AS) 10.0(50) 120(60) 140(7.0) 16.0(8.0) 18.0(8.5  19.0{10.0)
Building Industry Authority A43 1 December 1995

Figure 1.2: Acceptable Solution Building Separations



(c)

It is noted in the comments to Appendix C that the methods used to
produce the tables are based on BRE Report BR 187: 1991 "External Fire
Spread: Building Separation and Boundary Distances" (Read 1991). One
difference between the Acceptable Solution separation tables and the
BRE report is the inciusion of the care and detention categories of the
sleeping purpose groups in the requirements for FHC 3and 4. Asthese
purpose groups would not have any greater fire load than other
residential uses and as the Building Code performance requirement is to
protect other property, it does not seem logical to require higher
boundary separations for these purpose groups. However, as thereis a
greater life safety risk with these purpose groups, the working group
responsible for this area may have considered that it was necessary to
include some owner's property protection against fires in adjacent
properties by requiring greater separations or larger proportions of

external wall fire rating.
Detached Dwellings

It is important to note that the Building Code does not exciude detached
dwellings from the requirements to protect other property. However, when
the Acceptable Solutions were prepared, a political decision was made
that the requirements would not apply to one or two storey detached
dwellings (SH Purpose Group). For these buildings the previous
requirement to only fire rate extemnal walls which were within 1.0 mofa
boundary was allowed to remain. This was in spite of the fact that it was
readily acknowledged that with this boundary separation the radiation
from a small low cost house fully involved in fire would exceed the
limitations set down for other buildings by a factor of at least 3. The
reason for this decision was that the Building Code had been vaunted as
being the way to reduce costs in the building industry. It was not
considered appropriate to impose a major upgrading of requirements, with
the attendant increase in costs, in the residential housing area which was
the major sector of the industry and the one which affected the public in




1.4

1.4.1

1.4.2

9

an immediate and visible manner. The justification for the decision was
that the history of fires in residential areas in New Zealand contained few,
if any, examples of fire spread to neighbouring houses. In addition, itwas
considered that in urban areas where the problem may occur, the Fire
Service was likely to respond quickly enough to wet down adjacent
houses should this prove necessary. The validity of this justification is

reviewed later in this chapter.

DESIGN PARAMETERS USED IN C3/AS1

In order to produce the tables given in Appendix C, the working group
responsible for this section of the Acceptable Solutions had to decide on a
number of the design parameters which dictated the radiation which was emitted
from the subject building and was received on the neighbouring building. These
parameters are outlined below and are then reviewed in detail in subsequent

chapters.

Emitted Radiation

in a similar manner to the British Regulations (Department of the Environment
1991), two levels of emitted radiation are considered based on the purpose
group contained in the building. For Fire Hazard Categories 1 and 2 an emitted
radiation of 84 kW/m? is used. For the higher fire load energy densities
associated with Categories 3 and 4 and for the care and detention categories of

sleeping purpose groups, an emitted radiation of 168 kWim? is used.

Flame Projection

No consideration of flame projection is included in the buiiding separation

requirements set out in the C3 tables.



10

143

144

1.4.5

1.4.6

1.4.7

Emissivity

On the basis of black body radiation emission, a conservative value of 1.0 is

taken for the emissivity of the radiator.

Position of Receiving Building

In order to produce the C3 tables, an assumption was made that the adjacent

building would be a mirror image of the building being considered and would
therefore be located the same distance on the other side of the relevant
boundary as the radiating building. Inthe definitions of the Acceptable Solutions
the relevant boundary is either a property boundary or a notional boundary
located between two proposed buildings on the same lot.

Received Radiation

The radiation received on the target building was determined using the
configuration factor method described in various heat and mass transfer text
books and in the BRE Report BR187 mentioned earlier.

Critical Radiation

'fo establish the required separation distances a maximum received radiation of
12.6 KW/m? on the receiving building was stipulated.

Verification of C3 Table Results

In order to confirm that the separation distances derived from the C3 tables are
in fact based on the parameters given above manual calculations of several
cases taken from Figure 1.2 are set out in Appendix A and compared with the
results of FIRECALC analyses. The results show that if the above assumptions
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are made, the separation distances given in the C3 tables can be duplicated

manually allowing for some rounding to give separations in 0.5 m intervais.
BOUNDARY SEPARATION REQUIREMENTS OF OTHER COUNTRIES

From a review of the literature that was available and personal communication
with overseas researchers, it would appear that most countries have prescriptive
requirements regarding boundary separations but the background performance
requirements which dictate those separations are generally not pubiicised or well
known. The prescriptive requirements vary in complexity, some being similar to
the tabies of the NZBC Acceptable Solutions while others are just strict distance
limitations.

(a) Britain

In Britain the Building Regulations 1991 are based on the same BR 187
Report which was used to produce the NZBC Acceptable Solutions and
the tables are exactly the same. In private communications, Margaret
Law (Law 1998) indicated that at present it was not considered necessary
torevise the tables as the performance parameters used to produce them
were considered to be reasonably satisfactory. She commented that,
although the value of 12.6 kW/m? was a conservative value for the ignition
of timber cladding, the move to PVC external cladding could mean that
this value of received radiation was no longer as conservative. She also
made the point that in producing the tables it had been assumed that the
fire brigade would be available to help protect any exposed within five
minutes after caliout. This gave some margin of safety since ignition
would be expected to occur approximately 10 minutes after the primary
fire had become fully developed. In the same communication, Margaret
Law advised that in Germany and France there is a blanket five metre
minimum spacing between buildings and if any building is closer than this,
at least one of the buildings must be fire rated.
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(b)

Canada

!h Canada the National Building Code (NRC 1980) has similar tables to
those of the NZBC Acceptable Solutions but the separation distances are
somewhat larger. Dr. David Torvi of the National Research Councii of
Canada (1998) has advised that the received radiation criteria used to
produce the tables are the same as the British regulations, but a flame
projection distance of 1.2 m has been included and higher emitted
radiation values used. These factors were based on the resuits of full
scale fire tests carried out in Canada in 1958 known as the St. Lawrence
Bumns and reported by Shorter (1960).

As discussed by McGuire (1965), the peak radiation levels that occurred
on the leeward side of the buildings during the St. Lawrence Burns were
1680 kW/m? for buildings with combustible interior linings and 840 kW/m?
for ones with non-combustible linings. These values were ten times
larger than the values that were expected and were thought to be due to
the effect of flames emanating from the windows. In re-examining the
results, it was noted that the radiation values did not exceed 20% of the
peak values until at least 16 minutes after the start of the fire. It was felt
that firefighting would have started by this time, so it was justifiable to use
lower radiation values.

To achieve a received radiation limit of 12.6 kWim?, it was decided to
require configuration factors of 0.07 for normal buildings and 0.035 for
buildings expected to burn vigorously. These configurationfactors equate
to emitted radiation values of 180 kW/m? and 360 kW/m? respectively.

The Canadian Code also has the stipulation that where fire service
intervention cannot be guaranteed within 10 minutes, the separation
distances given in the tables must be doubled.
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Japan

Although copies of the Japanese regulations could not be obtained, Dr.
Kazunori Harada of the Building Research Institute, Japanese Ministry of
Construction (1998) advised that the regulations were based on an
emitted radiation of 100 kW/m? if no detailed information was available,
but different values could be used on the basis of established
compartment fire models.

The regulations assume an emissivity of 1 for the radiator and do not take
into account flame projection. A lower than normal allowable received
radiation of 10 kW/m? has been adopted because of the prevalence of
thin timber externai cladding.

In arecent research paper, Harada et al (1998) aiso suggested that there
should be a limit on the accumutated radiated heat flux at certain
distances within the adjacent property in order to account for the time
dependency of the compartment temperature. The values suggested
were 32,000 (kW/m?>min at 0.5 m from the boundary and
2,000 (kW/m?)%.min at 3.0 m from the boundary.

Australia

The Building Code of Australia 1996 (ABCB 1996) contains tables giving
the required boundary separation for various proportions of fire rated
walls that are deemed to satisfy the performance requirements of the
Code. The verification method by which alternative designs can be
checked contains the table shown in Table 1.2.
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(e)

Location Heat Flux (kW/m?)
On boundary 80
1.0 m from boundary 40
3.0 m from boundary 20
6.0 m from boundary _ 10
Column 1 Column 2

Table 1.2 Australian Radiant Heat Limits

The requirement of the code to avoid the spread of fire between buildings
on adjoining properties is verified when:-

(i) A burning building will not cause heat flux greater than the values
given in Column 2 at locations within the adjacent property set out

in Column 1; and

(i)  When located at the distance from the boundary given in Column
1, a building is capable of withstanding the heat flux given in
Column 2.

Enquiries have been made with a number of people involved in the writing
of the Australian Code, but the reason for the choice of the particular flux
values given above and the parameters that were used in establishing the
flux cannot be verified.

America

in America there is no singie building code that is used throughout the
country, but one of the more commonly used documents is the National
Building Code (BOCA 1996). This, like the other codes used in America,
is a prescriptive code with no performance criteria or verification methods
provided. Inthe BOCA code boundary separations and exterior wall fire
ratings are established by the use of two tables.
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The first table sets out the required exterior wall fire ratings at set
distances from the boundary for various building uses. Depending on the
particular use, the table will specify a fire rating of zero once a certain
boundary distance is achieved. The second table gives the maximum
area of openings allowed in a fire rated wall depending on the distance
to the boundary, with the separation being in bands of 1.5 m width. No
allowance for building size is included. Again, it has not been possible to
establish the criteria on which the tables are based.

One code which does have some flexibility and provides background data
is NFPA 80A (NFPA 1993). This code stipulates a maximum received
radiation of 12.6 kW/m?, but allows it to be adjusted to suit the exterior
cladding material being considered. The boundary separations are given
for three different fire loading conditions as shown in Table 1.3, with the

corresponding required configuration factors.

Building Fire Load Flame Spread | Configuration
Classification per Unit Rating of Factor
Floor Area Interior Lining
Light <34 kg/m? 0-25 0.14
Moderate 34-73 kgim?® 26-75 0.07
Severe >73 kg/m? >75 0.035

Table 1.3 Fire Load Classification For NFPA 80A

The separation distances include a flame projection distance of 1.5 m (5 ft). The
distances given also contemplate rapid fire service response and the code states
that if this cannot be guaranteed, the distances should be increased by a factor

of up to 3.
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16 IS THERE A PROBLEM WITH EXISTING SEPARATION DISTANCES?

The Building Code has been in effect for approximately six years and it is worth
reflecting on whether or not the use of the building separations given in the C3
tables has affected the situation regarding spread of fire to adjacent properties.

In the publication "Emergency Incident Statistics” by the New Zealand Fire
Service (NZ Fire Service 1998) a wide variety of statistics relating to fires in the
period 1993 to 1997 are provided. For spread of fire to adjacent property, which
the Fire Service defines as exposure fires, the figures given in Table 1.4 below
have been extracted from a larger range of values covering all areas of initial
ignition.

e ————————— s e e

Spread of | Spread of Fire

Fire from to

Structure Structure 61 68 70 102 73
Structure Vehicle 19 27 26 30 26
lStructure Outside* 38 13 6 10 18‘}1
Total Structure "Exposure 118 108 102 142 | 117
| Fires"

lTotaI Structural Fires 4097 3933 3608 |2841 | 2813 “

« "Outside” includes outside storage, rubbish, grass, scrub or trees.

|

Table 1.4: Numbers of Exposures Fires in New Zealand

As can be seen from Table 1.4, although exposure fires are a relatively small
proportion (3%-5%) of all structural fires, there have been a significant number
of exposure fires during the period covered by the statistics. Unfortunately the
Fire Service incident reporting system is not capable of breaking these figures
down further to evaluate more detailed information such as the age or type of the
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buildings involved, the type of damage that occurred nor the cost of remedial
work. From discussions with senior fire safety officers in various regions, the
general view is that the bulk of the exposure fires relate to residential situations.
In addition, the Fire Service's definition of damage includes discoloured or
blistered paintwork, distorted PVC guttering and downpipes as well as charred
external timber. It should be noted that the received radiation limits used by the

Acceptabie Solution documents relate to ignition of the target body.

Apart from the figures given above, there are specific areas where various

parties have raised concerns.
1.6.1 Residential Situations

Although the Acceptable Solutions did not change the previous requirements
relating to boundary separation for detached dwellings, there appear to be more
incidents where damage to adjacent houses is occurring. This couid be due in
part to the increasing pressure on urban land resulting in smaller section sizes
and hence smaller separations between houses. As part of the work associated
with this project, the author attended a number of house fires at the invitation of
the New Zealand Fire Service. In anumber of these, adjacent houses had been
damaged as the result of the fire even though boundary separations in all cases
exceeded the 1.0 m allowed in the Acceptable Soiutions.

An example of this was a fire that occurred in a small low cost house in
Manurewa, South Auckland. A fire was started in the house as a result of
children playing with either matches or a lighter and although all occupants were
able to escape safely, the building was extensively damaged by fire as shown
in the photograph in Figure 1.3. The Fire Service responded within four minutes
to the notification of the fire which they estimate was some 15 minutes after the
start of the fire. Upon their arrival the Fire Service commenced attacking the fire
as well as wetting down adjacent houses. In spite of this early intervention,
damage occurred to two of the adjacent houses as shown in Figures 1.4 and 1.5.
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The house involved in the fire was 2.5 m from the adjacent boundary and the
smallest boundary separation of a house on another property was 1.5 m, giving

a total éeparation distance of 4 m, twice that aliowed by C3/AS1.

Another example was a two storey house under construction in Howick that was
destroyed by fire in 1997. The shell of the house was complete and was
awaiting a prelining inspection by the TA.

A plumber was brazing an additional connection fo a copper pipe in the wall
framing and ignited the bitumen impregnated building paper. The fire quickiy
spread throughout the house and it was almost completely destroyed before the
Fire Service could attend. See Figure 1.6. Although the new house was a
minimum of 3.5 m from the boundary, radiation from the fire damaged the house
on the adjacent property that was 1.5 m from the boundary - a minimum
separation of 5 m. The damage consisted of meited PVC downpipes and
cracked windows as seen in Figures 1.7 and 1.8.

In 2 more recent case, a two storey timber house in Devonport, built in the early
1900s, was completely destroyed in afire. The house had been vacant and had
had all of the services disconnected as the developer wished to demolish it,
although the Territorial Authority had refused permission as it was a listed
building. A fire, of unknown cause, occurred during the night and the Fire
Ser\nce were alerted by neighbours woken by the noise of breaking windows.
The station is located less than a kilometre from the site and the fire trucks were
at the scene within three minutes of the alert. By this time the house was fully
involved and all the Fire Service could do was attempt to protect adjacent
houses, which were in considerable danger. In fact, the cedar weatherboard

cladding on an adjacent house ignited just as the Fire Service arrived.

As can be seen in Figures 1.9 to 1.12, the Fire Service were unable to save the
house where the fire started but did prevent major damage to the neighbours.
The damage that did occur consisted of broken windows, blistered paintwork,
meited PVC plumbing and badly charred timber cladding.
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The original house was 4.5 m from the boundary and the closest neighbour,

being the white house in Figure 1.9, was 2.5 m inside its site.

The much more extensive charring to the house shown in Figure 1.10 was
considered to be because of the dark colour of the cedar cladding and the fact
that the timber was stained rather than painted. Damage to the white painted
neighbouring house is shown in Figures 1.11 and 1.12.

The most remote damage occurred to the house shown in Figure 1.13, which
was 31 m away from the fire. The occupants said that at the height of the fire it
was too hot for them to stand on the baicony overiooking it. After the fire
blistered paintwork, deformed guttering and a cracked window were found on the

wall facing the fire, as seen in Figure.1.14.
1.6.2 Commercial and Industrial Situations

Although no statistics are available for exposure fires in these situations,
concems have been expressed by officers of TAs that new buildings designed
on the basis of the Acceptable Solutions must be accepted even though there
is an existing buiiding on the adjacent property that does not conform {o the
mirror image assumption for either separation distance or proportion of non fire

rated area.
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Figure 1.3: Bumnt out
Manurewa house. Note
damage to timber fence.

Figure 1.4: Melted PVC
gutter on adjacent house
4m away.
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Figure 1.5: Deformed guttering and downpipe gm away from the fire.
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Figure 1.6: Burnt out Howick house.




Figure 1.8: Cracked window in

house adjacent to Howick fire.
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Figure 1.10: Extensive charring of neighbouring house. The cedar
cladding had started to ignite by the time the Fire Service arrived.



Figure 1.11: Damage to
neighbour consisting of
broken windows, blistered
paintwork and charred
timber.

Figure 1.12: Close-up of
damage. Note the lack of
damage lower down
because of the protection
from the timber fence.
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Figure 1.13: Most remote damage was to the house on the ridge at the
rear — 31m from the fire.
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CHAPTER 2: EMITTED RADIATION

2.1

REVIEW METHOD

In this chapter the basis behind the values of emitted radiation used by the
Acceptable Solutions will be explained in detail. Other possible methods of
determining emitted radiation based on the work of a number of researchers will

be reviewed and their relative advantages/disadvantages will be discussed.

It should be noted that in all cases it is assumed that the radiation is being -
emitted from openings in a wall of a compartment in which a fire is buming in the
post flashover phase of the fire duration curve. See Figure 2.1 below.

- Flashover
¢y 1000 :
o
e’ : :
9 Growth Burning Decay
3 : :
(341
b g =
<b]
Q.
5
L ignition i
20 >
. Time
Stage Growth Burning Decay

Figure 2.1: Typical Fire Duration Curve

As can be seen from Figure 2.1, the pre flashover growth phase can be an
extended period and the compartment temperatures are generally relatively low.
Similarly, in the decay phase the compartment temperatures are rapidly reducing
from the maximum temperatures achieved during the buming phase and will

generally have a much less significant effect.
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2.2

A number of the more complex methods of determining theoretical time/
temperature curves for compartment fires were produced in order to determine
the fire resistance of structural members within or immediately outside the fire
compartment. In most case the complexity of the methods has been generated
by the need to try to accurately reflect the decay phase of the growth curve. For
consideration of the effect of the emitted radiation this area is not as significant

and therefore the various complexities involved need not be analysed in detail.

With respect to complexity, it must be bome in mind that the Acceptable

~ Solutions were put in place in order to give people who were not fire engineers

a method of achieving the requirements of the New Zealand Building Code. To
this end, any method used in the Acceptable Solutions should be reasonably
general and simple to apply without the need for extensive computations or
theoretical knowledge.

RADIATION THEORY

In a fire, energy is transferred by three methods - conduction, convection and
radiation. In this review it is assumed that the object under consideration is not
in contact with the building on fire and therefore will not receive energy by
conduction and is also far enough away from the compartment that convection

of heat from the hot gases and flames will not occur.

The theory behind heat radiation is given in numerous texts and is defined as the
Stefan-Boltzmann Law (incropera & De Witt, 1990).

E,=oT

Where E, = Total emissive power of a black body source
o] = Stefan-Boltzmann constant (5.67 x 10° W/im?.K®)
T = Hot body temperature in degrees Kelvin

A black body radiator is the ideal emitter in the sense that no surface can emit
more radiation than a biack body at the same temperature.
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For real radiators the concept of emissivity (¢} must be incorporated in the
formula where the emissivity is the ratio of radiation from the real surface

compared to that of a black body.

E = eoT*

E = Emissive power of a real source of temperature T

The effect of the emissivity is discussed in further detail in Chapter 3, but it is
generally taken as conservative to assume € = 1. Thus the only variable
involved is the temperature of the compartment and as this is raised to the fourth
power in the equation any change in T has a significant effect on the emitted

radiation.

In considering the radiation from & burning building, the radiator can be taken as
either the buming compartment emitting radiation through the unprotected
openings such as windows or doors, the radiation from flames projecting out of
the unprotected openings or a combination of both. In the following sections the
peak compartment temperatures will be considered in detail and the methods

proposed by various researchers for evaluating them wili be reviewed.

A review of methods of estimating temperatures in compartment fires for the full
duration of the fire is given by Walton and Thomas (1995). Reviews of the
mathematical model for compartment fires are given by Drysdale (1985) and
Quintiere (1995) and it is not proposed to reproduce them in this paper.

ACCEPTABLE SOLUTIONS METHOD - MARGARET LAW

As noted in Chapter 1, the method used by the Acceptable Solutions to
determine building separations is based on BRE Report BR187:1991 "Extemnal
Fire Spread: Building Separation and Boundary Distances”. This report was
prepared in support of Approved Document B4 that was part of the Building
Regulations for England and Wales (Department of the Environment 1991).
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The report is in two parts. Part 1 describes the enclosing rectangle and
aggregate notional area methods and these have been copied directly into
Append'ix C of the Fire Safety Annex of the Acceptable Solutions. The C3 tables
of the Fire Safety Annex mentioned earlier, which give the permitted unprotected
areas in unsprinklered buildings using the enciosing rectangle method, are a
direct copy of Table 1 of this part of BR 187. The report contains some
refinements of the method that have not been carried over into the Acceptable
Solutions but generally the methods are the same.

Part 2 of the report sets out the basis for the methods described in Part 1 and is
a copy of Fire Research Technical Paper No.5 "Heat Radiation from Fires and
Building Separations” by Margaret Law (Law 1963). As well as providing the
background to Part 1, the paper also describes more sophisticated methods of
analysis to provide more accurate answers than those of Part 1. The Law paper
describes in detail the reasons for the choice of 12.6 kWim? (0.3 cal cm?sec™)
as the limiting incident radiation and this is looked at in more detail in Chapter 5

of this paper.

The Law paper then details the derivation of the intensity of radiation from
compartment fires used to produce the boundary separation tables.

1n this section, Law states that although the temperature and hence the radiation

from a fire in a compartment varies with time and that the maximum temperatures
attained will be dependant on the type and distribution of the fuel and the
geometry of the windows and compartment, it is necessary to make considerable
simplifications in order to make workable regulations. She states that her report
only provides a typical value of intensity that may be expected from fires in a

wide variety of buildings and occupancies.

The temperature of a fire depends on the rate of buming within the compartment
and the report divides compartment fires into two types:
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(a) Those in which the ventilation is restricted and the rate of burning
depends on the size of the window. Such fires are considered to be

ventilation controlled.

(b) Those in which the window area is comparable to the floor area and
therefore the rate of buming depends on the fire load, its surface area
and arrangement, not on the window area. Such fires may be said to be

fully ventilated or fuel controlled.

For the ventilation controlled fires, Law reviewed the temperatures attained in a
number of experiments in England, Sweden and Japan in the middle to late
1950s. For ventilation controlled fires the area of the window opening (A) and
its height (H) are important and the value AvVH is the most important parameter
affecting the rate of burning irrespective of compartment size. Law plotted the
maximum temperature achieved in the various experiments against AvH and

produced the graph in Figure 2.2.
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Figure 2.2: Maximum Temperature and Air Flow (from Law)
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The results of the analysis indicated that there was no marked increase in
maximum temperature above an AvH value of 8 m> and that the temperatures
had a limiting value of less than 1,100°C. For simplicity this was considered to
be equivalent to a radiation intensity of 4 cal cm? sec (167.4 kW/m?). For
values of AVH less than 5 m®? the restricted ventilation begins to have a
significant effect on the compartment temperature. This value would correspond

to a window size 1.5 m high x 2.7 m wide, so for smaller compartments with

| restricted window sizes the compartment temperature couid be expected to be

significantly lower than the limiting value given above. In addition, the results of
the experiments indicated that for compartments with low fire loads the fire does
not last long enough for the compartment temperatures to reach the limiting
value and hence the radiating intensity is significantly less.

For the fuel controlled fires, Law again used experimental values from tests in
Japan and England that were done in the late 1950s and early 1960s. Forthese
tests the burning rate was found to be largely independent of AVH and was
approximately proportional to the total amount offuel. The intensity of radiation
gave a better correlation with the rate of burning per unit window area. However,
for this type of fire, the window area must be comparable to the floor area so the
fire load ratios are nominally taken as being the same. The results of the
énalyses are shown in Figure 2.3. The graph shows that for fire loads greater
than 60 kg/m? (1,000 MJ/im?) a radiation intensity of 4 cal cm?® sec”
(167.2 kW/m?) can be expected. The analyses indicated a number of
experiments which had values of fire load per unit floor area of around 25 kg/m?
had resulted in peak radiation intensities in the order of 2 cal m? sec?
(83.6 kW/m?). This radiation intensity corresponds to a temperature of about
800°C, which is consistent with the values obtained in Figure 2.3 for the lower

fire loads.
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Figure 2.3: Peak Radiation Intensities vs Fire Load Density

Based on her analysis, Law proposed that for devising regulations on space
separation a radiation intensity of 167.2 kW/m? (4 cal cm™ sec?) should be taken
for standard occupancies and a lower value of 83.6 kW/m? (2 cal cm™ sec™) be
taken for lower fire loads or restricted window sizes. In the Building Regulations
for England and Wales, the lower intensity was deemed to come from residential,
office and assembly/recreation buildings. For the New Zealand Building Code
Acceptable Solutions, these uses corresponded to Fire Hazard Categories 1 and

2 as described in Chapter 1, so a similar stipulation was made.

In further work for the Joint Fire Research Organisation, Law reviewed
experimenta! work in which direct radiation measurements were taken outside
a buming compartment (Law 1968). In the experiments the fire load and the
window openings were varied and Law's review indicated that fire load and
window area and their relationship to each other had a highly significant effect
on the intensity of emitted radiation. The graphical analysis of the experimental
results indicated a direct relationship between the intensity of radiation and the

rate of buming/window area. A comparison of the maximum compartment
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temperature and the maximum intensity of radiation showed that the assumption
of a btack body radiator in accordance with the Stefan Boltzmann Law was valid.
Law concluded that the results verified that the values used as a basis for the

Building Regulations were safe, possibly even a little conservative,

The values mentioned above together with the value of 12.6 kW/m? as a critical
received radiation (looked at in more detail in Chapter 5 of this paper) have been
used as the basis of boundary separation requirements in many countries for the
last 30 years. In this time, there have been very few incidences where buildings
constructed in accordance with this method have caused significant damage to
adjacent buildings. However, with the rise in the use of performance based
codes, there has been a move to relook at the matter to see if the approach is

overly conservative and hence if any savings can be made in construction costs.

in later work, Margaret Law produced expressions for the maximum compartment
temperatures that may be expected for fires in compartments of various sizes
with a variety of fire load densities. The work was mainly aimed at determining
the fire resistance of structural members within the compartment and is detailed
in a Constrado publication "Fire Safety of Bare External Structural Steel" (Law
and O'Brien 1981). An extensive analysis of experimental results indicated that
it was possible to estimate the maximum fire temperature in a compartment from

-considerations of fire load, ventilation and compartment dimensions.

The temperature of the fire within the compartment is given by:

T,- T, = 6000 (1- %) (1 - &)
l.]1I2

where T, = maximum fire temperature °K
Te = ambient air temperature
= floor area m?
A; = total enclosure area - window area m’
Ay = window area m?
q = fire load density kg/m?
L = fire ioad = Agq
n = Ad(AnH*)
Y = LI(AwAL)”
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Figure 2.4 below shows the compartmenttemperatures resultingfrom the above
formula for various values of w.
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Figure 2.4 Compartment Temperatures

The disadvantage of this method is that it requires some degree of computation
and also does not take account of effect of different linings within the

compartment and only gives one value for the compartment temperature.

STANDARD FIRE CURVES

In order to determine the fire performance of building elements, most countries
rely on full scale fire resistance tests carried out in large furnaces. Inorder to
have standardfire resistance tests that are readily reproducible, standard time
temperature curves have been developed which the furnace heating pattern
must adhereto. The most common fire test time temperature curves are ASTM
El119and ISO 834. Most national building codes quote one or other of these

specifications in their criteria for establishingfire resistance.
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The ISO 834 curve is defined by the equation:-

T=345lg, (8t+1)+T,
where t = time (min)

T, =ambient temperature(°C).

The ASTM E 119 curve was defined by a series of discrete points. Forthe sake
of convenience, anumber of equationswhichapproximatethe ASTM E 119curve
have been produced and one by Lie {@95) is:-

T =750[1 -exp (- 3.79553 &)] +170.41vt + T,
where t = time in hours.

Table 2.1 shows the values of the ASTM E 119 curve and ISC 834 for a number

of points.

| Time ASTM E119 ISO 834 “
}L (min) Temperature (°C) Temperature (°C)

B 0 20 20
5 538 576
| 10 704 678
30 843 842
60 927 945
120 1010 1049
240 1093 1153

480 _ 1260 1257 |

Table 21: ASTM E119 and ISO 834 Fire Temperature Values

The values are shown graphically in Figure 2.5, which indicates that both

methods produce similar time temperature curves as would be expected.
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Figure 25 Standard Furnace Time Temperature Curves

It has been argued that if fire resistance ratings of structural elements in real
fires can be determined by standardfire tests, it is logical to use the same fire
tests asthe basisfor building separationrequirements. Barnett (1988) proposed
that for a simple method of determining building separations, the standard
1ISO 834 furnace time temperature curve could be used to approximate the
temperature in a compartment and hence predict the radiation that would be
emitted through any unprotected openings. Inhis paper, Barnettillustratesthat
the emitted radiation values used in the British and Canadian regulations are
similar to the radiation values that would result from the temperatures from the
[SO 834 fire for 30 minutes and 120 minutes. This is shown on Figure 2.6.

The standard furnace fire test curves are artificial constructs and bear little
relationshipto the time temperature curves resultingfrom real fires or from large
scale fire tests in that both the initial slow growth and the decay phase are not
included. However, both of these regions have substantially lowertemperatures
than the fully involved phase and hence have much less influence on the

radiation being emitted from the compartment.
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Figure26: Values for 1ISO Temperature and Corresponding
Radiationversus Time for a Fire Compartment
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THEORETICAL AND EXPERIMENTAL WORK BY KAWAGOE

One of the earliest researchers into the behaviour of fully developed
compartment fires was Dr Kunio Kawagoe of the Building Research Institute of
Japan. Over a number df years Kawagoe and fellow researchers conducted
experiments into the parameters affecting compartment temperatures and
published a number of definitive papers on the subject (Kawagoe 1958,
Kawagoe and Sekine 1963, Kawagoe and Sekine 1964, Kawagoe 1967,
Kawagoe 1971).

Based on theoretical analysis of the flow of gases in and out of a burning
compartmentwith a single opening, Kawagoe postulatedthat the rate of burning

in the compartment followed the relationship:-

m' =55 A H" kg/min

where M = the rate of combustion
A, = area of opening (m?)
H = height of opening (m)
100~ . :
/ (kind of experimental
e fire?!)

10 12 -——- -
© . "= full scale building

xg / X --—-- middle sale model

a--—— small scale model

0.4

e R (kg/min)
Py
]
wn
wn
T
N
&
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Based on a simplified analysis of the heat balance in a burning compartment
backed up by experimental results, Kawagoe's early work showed that the
temperature ina compartmentwas dependent on the thermal conductivity of the
compartment walls as well as a factor he called the "Opening Factor"which was

defined as:-

Opening factor =AH"/A;
where A, =total internal surface area df the compartment

Froma survey of a large number of Japanese buildings, the typicalfire loads for
various types of residential and commercial buildingswere determined. Thefire
loadswere given on an equivalentweight of wood perm? of floor area. Usinga
calorific value of wood of approximately 18 MJ/kg and based on experimental
resultswhich gave a combustionratio of 0.6, Kawagoetook the wood equivalent
as being 10.8 MJ/kg (2575 kcalfkg).

The values obtained from the survey varied from 20 to 600 kg/m? but for ease of
analysis, Kawagoe took only two fire loads, 50 kg/m? for a normal fire and 100
kg/m? for a large fre. These are approximately 500 MJ/m? and 1000 MJ/m?

respectively.

From the same survey, Kawagoe classifiedthe buildingsintonine groups based
ontheir openingfactors and calculated the theoreticalfire durationtimes for the
two fire loads. The classifications used are given in Table 2.2 below and the
resulting time temperature curves taken from the 1963 paper are given in
Figure2.8.
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o Fire Duration™ ne, T (min)
Class Opening Factor For 100 kg/m? For 50 kg/m?
A 0.034 154 7/
B 0.05 118 59
C 0.07 92 46
D 0.09 &4 42
E 0.10 64 32
F 0.12 48 24
G 0.16 42 2
H 0.206 41 20
I 0.23 35 18

Table 2.2: Classification of Buildings by Opening Factor (Kawagoe)

It is on this early work by Kawagoe that most of the later work by other

researchers throughoutthe world was based.

Infurther work Kawagoe re-examinedthe heat balance equation in more detail
and allowed for more of the physical factors that affected the compartment

temperatures.

These were the:-

Floor factor F, =AdA;

Where A, =floor area
A; =total internal surface area

Temperature factor F, = A, H*/A;
(openingfactor)

Fire duration factor F, = F/F,
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Based on this more refined analysis and more experimental work, a series of
nornographswere producedwhich could be usedto determine the compartment
temperature of a particular buildingbasedon the physical configuration, the fire
load and the thermal conductivity of the enclosure. A typical nomograph is
shown in Figure 2.9, which is taken from Kawagoe's 1967 paper.

Although Kawagoe'swork is now somewhat dated, the approach would still be
generally applicable. However, a considerable amount of rework would be
necessary to produce nomographs for New Zealand conditions and it is
consideredthat these forms of nornographswould betoo complicatedto be used

in a generally simple acceptable solution.
SWEDISH FIRE CURVES

The main problemwith the early work in determining compartment temperatures
was that little account was taken of the effect of different compartment
geometries, fire loads or the thermal properties of compartment boundaries. In
addition, the rate of decay of the fire was rarely considered although this could
have a significant effect on the fire resistance of the structural elements in the

compartment.

In 1970, a paper published in Sweden (Magnussonand Thelandersson, 1970)
outlining a methodwhich took most of these factors into account. Based on a
comprehensive study of the results of wood fuel fires in compartments and
building on the work of Kawagoe, a computer model was set up to solve the
energy balance equation. The model assumed:-

(@) complete combustiontook place within the compartment;

(b) the temperature was uniformthroughout the compartment;

(c) allinternal surfaces had the same heat transfer coefficient;
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(d) heat flow to and through the compartment boundaries was one

dimensional and the boundaries could be assumed to be "infinite slabs"

One of the factors which has a significant effect on the shape d the time
temperature curve is the energy release rate of the fuel as a function of time.
The size and length of burning of a fire depends on the fuel, the ventilation and
the thermal properties of the compartment. Magnusson and Thelandersson
determinedthat the only way to establish the shape of the energy release rate
curvewas by analysingexperimental datato establisha suitable relationshipfor
a bestfit curve. Usingthe results of about 30 full scale fire tests, energy release
rate curves were determined for use as one d the main input values for the
computer model. A graph of atypicaltest resultis shown in Figure 2.10 with the
smaller graph being the energy release rate and the larger showing the
agreement between the calculated (dashed line) and experimental (solid line)
temperatures.

‘\ TESTAL 10

800

Test Al

Percentages Of the total bounding surface area:

Concrete, 20 em in thickness, 34.8 per eent

Lightweight concrete, 12.5 em in thickness. 42.2 per ¢ent.

Concrete, 3 em in thickness4-lightweight concrete, 10 cm in thickness, 18.3 per cent
Window area 4.7 per cent.

Opening factor 006 m'/2 (> 0.1 h).

Duration of the fire 0.17 b,

Fire load 15.1 Mecal - m-2 of bounding surface area.

Figure 2.10: Swedish Experimental Time Temperature Curves
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By carrying out extensive calculations, Magnussonand Thelanderssonwere able
to produce time temperature curves for the complete combustion process
allowing for a wide range of fuel loads, ventilation factor, total compartment
surface area and boundary thermal properties. To simplify the results, the fire
load and ventilationfactor {AvH) were divided by the total internal surface area
of the compartment. Charts were then produced for seven types of fire
compartmentsthat had varying boundary materials. Figure 2.1 1 is taken from
the paper and gives typical time temperature charts for a Type A enclosure.
Note that t is the duration in hours of the flaming phase of the combustion
process and q is the fire load density in Mcal/m?. The configuration of the
boundary materials of the seven types of compartments analysed inthe paper
isgivenin Table2.3.

Compartment Boundary Structure
| Type
Type A 200 mm of a material whose thermal properties

correspond to average values for concrete, brick
and lightweightconcrete. (Standard compartment)

Type B 200 mm of concrete

Type C 200 mm of lightweightconcrete
]

Type D 50% concrete

50% lightweight concrete

Type E 50% lightweight concrete

33% concrete

17% 13 mm plasterboard (internal) plus 100 mm
mineralwool plus 200 mm brick (external)

Type F 80% 2 mm uninsulated steel
20% 200 mm concrete

Type G 20% 200 mm concrete
80% 2 x 13 mm plasterboard (internal) plus

100 mm air gap plus 2 x 13 mm plasterboard
(external

Table 23: Compartment Types for Swedish Curves
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Swedish Time Temperature Charts

Figure 2.11
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A series of graphs was produced from the charts to enable compartment
temperatures to be determined quickly based on the fuel load, ventilation and
compartment types.

Magnussonand Thelandersson's work was reviewed by Pettersson (1971) and
later extended by Pettersson et al (1976) to produce an engineering method to
design steel structures. The charts and graphs in the later publication were
basedonthe earlier work, butwere inthe morewidely accepted metricunitsand
hence nowhave more overall acceptability. Figure2.12 gives typical graphs for
Type A compartmentstaken from Drysdale (1985).

5 5 8
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600K

400¢

Temperature ( °C)

200

1200

aNm,
1500 - TAy T 0.12

1000}

Fire load
density MJ/mz
t

Temperatura (°C)
g

Time (h) Time {h}

Figure 212 Typical Swedish Time Temperature Curves

Thus the Swedishfire curves give a set of realistictime temperature curves for
compartment fires as a function of the fire load, the ventilation of the
compartment and the thermal properties of the compartment boundaries. The
curves rapidly gained acceptance and have been widely used within the fire
engineering profession, either in their original state or as modified by
subsequent researchers. However, although suitable for specific fire
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2.7

engineering design by experienced practitioners, the curves would appearto be
somewhat complicated for inclusion in the Acceptable Solutions. In addition,
althoughthey may give accurate compartmenttemperatures, the userwouldthen
be required to undertake further calculations to establishthe radiationfor each
specific case and this would be an unwanted complication for the majority of the
users of the Acceptable Solutions.

SIMPLIFIED MATHEMATICAL EXPRESSION FOR COMPARTMENT
TEMPERATURE BY LIE

In a paper presented in Fire Technology magazine, Lie (1974) reviewed the
factors influencing the time temperature curve and noted that a number of the
factors were very difficult to predict but had a substantial effect on the
temperatures produced in a burning compartment. He proposedthat itwas not
necessaryto know exactly what the temperatureswere at any point in time but
rather to be able to find a fire curve for the building which, with reasonably
probability, would not be exceeded. He further proposedthat the most probable
type of fire for most compartments would be ventilation controlled and as this

was usuallythe most severe, this was the only type of fire that need be analysed.

Inorder to derive his analytical expressions, Lie used the work of Kawagoe and
Sekine discussed in Section 2.5 to produce time temperature curves by solving
the heat balance equation. Inhis solution, he used the same factor to allow for

the ventilation conditions, ie:

Foo=Ad
A

He found that the thermal properties of the boundary materials did not have a
greatinfluence onthe curves unlesstherewas a large variation inthe properties.

He proposed that only tWo types of boundary conditions need be considered:-

(@) Heavymaterials such as concrete, brick, etc. with a density greater than
1600kg/m®
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(b)  Light materials such as lightweight concrete, plasterboard, etc. with a

density of less than 1600kg/m?”.

Figure 2.13 showsthe time temperature curvesfor a heavywall compartmentfor

various opening factors.
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Figure 213: Lie's lime Temperature Curves for Heavy Walled
Compartment based on Heat Balance

By analysing the curves, Liewas able to derive a mathematical expression that

reasonably described them. That expressionwas:

T =250 (1 e"" 31-e°'6‘)-(1-e‘3‘)+4(1-e“2‘)'1+C 0

Where T =fire temperature ("C)
t =time (hrs)
C = constant based on boundary materials.
C =0 for heavy material (P> 1600kg/m®) and
C = 1for light materials(P< 1600kg/m>

Figure 2.14 shows the comparison of the curves produced by the analytical
expressionwith those derivedfrom the solution of the heat balance equationfor

lightweight boundary materials.
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Figure 2.14 Comparison of Time Temperature for Light Walled

Compartment obtained from Heat Balance and Mathematical Expression

Although the expression produced curves that tended asymptotically to a
maximum temperature after a long duration, all fires will start to decay once the

fuel is consumed. Based on Kawagoe's rate of burning expression:

R =330AH*
Where R = rate of burning inkilograms/hour

Lie showed that the length of the burning phase of a fire was given by:

t = Q_
330F
Where Q isthe fire load per unit area of total internal compartment

surface (kg/m?)

After the time ¢, the time temperature curve starts to decrease and Lie derived an
expression for the typical decay rates. A typical resultant graph of the time
temperature curve is shown in Figure 215 for a compartment with heavy
boundary materials and an opening factor of 0.05.



*C

TEMPERATURE

1400 I , ] , 53
1200~ -

1000

800
400
400

200

TIME HOUR

Figure 2.15: Characteristic Temperature Curves from Lie

By comparing his expressionwith the results of numerous experiments, Lie was
able to confirm that it produced curves that were reasonably conservative. A
typical comparison with experimental results is shown in Figure 2.16.
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Figure 2.16: Comparison of Experimental and Analytical
Time Temperature Curves
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Although it is relatively simple to produce curves from the Lie expression using
a spreadsheet, the complications mentioned in earlier sections still apply and

therefore rule out the methodfor use in a simple Acceptable Solution.

BABRAUSKAS'SAPPROXIMATE METHOD FOR PREDICTING
COMPARTMENT TEMPERATURES

After undertakingdetailedtheoreticalanalysisand experimentalverificationofthe
post flashover compartment temperatures Babrauskas (1978) developed a
computer programme, COMPFZ2, to calculate the characteristics of a single
compartmentfire with ventilationthrough a single opening (1979). Thiscomputer
modelwill be reviewed later inthis chapter. After this work, Babrauskaswanted
to provide a simple calculation methodthat producedresultsthat fairly accurately
agreed with the compartment temperatures predicted by detailed numerical

analysis using computer methods.

From his earlier review of the theory, Babrauskas determined that the
compartment fire temperature was principally influenced by the following
variables:

(@) Fuelreleaserate

(b) Ventilation opening size and shape

(c) Roomwall and ceiling thermal properties
(d) Combustionefficiency

(e) Heatof combustion of the fuel

(9 Effectiveemissivity of the fire gases

By selecting suitable approximateexpressionsto accountfor the abovevariables,
Babrauskasthen curve-fittedthese expressionsto results producedby COMPF2.
The expression Babrauskas produced (1981) was:

T, =T,+(1725-T,) .6,.6,.8,.6,.65
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Where: T, is the fire temperature
T, is the ambient temperature (“C)

B, - s are efficiency factors as detailed below

8, Burning Rate Stoichiometry

This variable accounts for the heat release rate for the fuel and Babrauskas
produced various expressionsfor general fuel types, wood cribs and pool fires.
The expression compares the actual burning rate with the burning rate at
stoichiometry where just sufficient air is provided to fully bum the fuel without
residual fuel or air remaining. A dimensionless variable ¢ known as the
equivalence ratio is defined as:

where Q =the actual heat release rate
and Qg = the stoichiometric heat release rate.

For general conditions:

Qg = 1500 AvH
so ¢ = Q
1500 AJH

Where A = area of opening
H = height of opening

For situations where there is excess air, the burning is said to be fuel lean and

¢ islessthan1. Inthese situations,
6, = 10 +0.51Ind
Where there is excess fuel, known as fuel rich, ¢ is greater than 1 and

e =1.0-0.05 (In$)*®

A graphfor determining 9, is given in Figure 2.17
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Figure2.17 Effect of Equivalence Ratio (SFPE)

8, Wall Steady State Losses
This factor accounts for important variables involving the compartment surface

properties: area A; (m?), thickness L (m), density g (kg/m?), thermal conductivity
k (kW/m.K), and heat capacity C,, (kJ/kg.K).

This factor is givenas: 6, = 10 - 0.94 exp [—54% AJH) 2/3(_::)"']
A

and this is shown in Figure 2.18.

0.7

0.6

o
0 -cb;" VALLES FOR

0% o\ (m2 20

04
H
—0.3

02

0.1

0 i ' Ao d 4 i
0.001 0.01 0.1

Figure2.18 Effect of Wall Steady State Losses (SFPE)

8, Wall Transient Losses

If a transient temperature is required, the steady state value given above must
be modified by a factor which is based on the Fourier number and from curve
fitting was derived as:
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8,=1.0- 0926Xp[150 Aw/H (___)04

This expression is shown in Figure 2.19.
Note that if steady state conditions are required§, = 1.0.

0.7 TR =
il
DO VALUES FOR

T im?. 2Zcaw?)
2, 000

O‘b

i T T |
0.001 001 0.1

Avh 172
o {m /<)

w

Figure2.19 Effect of Wall Transient Losses (SFPE)

8, Opening Height Effects

11-0,) = 0205193

&y




58

8 Combustion Efficiency

In evaluating the heat balance equation, a fire compartment is generally
consideredas well stirred reactor. However, in actualfires. this is not the case
and there is always some degree of non mixingwhich reduces the compartment
temperature. A maximum combustion efficiency i can be usedto reflect the
degree of non mixing. No actual experimental values for b have been
determined, but agreement with the measured temperatures in real fires can
generally be obtained with values of i inthe range of 0.5 to 0.9. The effect of
variation inh is given by:

€ =1.0+05 Inb,
as shown in Figure 2.21.
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Figure 221 Effect of Combustion Efficiency (SFPE)

After extensive comparisonswiththe resultsobtainedfromCOMPF2, Babrauskas
found that there was good correlationwith the resultsfor both ventilation limited
andfuelratelimitedfires. The resultsofthe approximatemethodgenerallyagree
within 3% of the COMPF2 values. Figure 2.22 shows the comparison between
the approximate method and the COMPF2 resultsfor awood cribfire ina200m?

compartmentwith a 2 mx 2.5 mwide opening in one wall.
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Figure 2.22 Comparison of COMPFZ and Approximate Method

Thus, by usingthe series of graphs given in Figures 2.17 to 2.21, itis relatively
simple to produce a compartment fire temperature that would be sufficiently
accuratefor use inthe radiation calculations. However, the methodstill requires
a significant degree of engineering knowledge and experience to determine the
various parameters needed in establishingthe factors. Therefore, although the
method is relatively simple and probably advantageous for fire engineering
professionals, it is not suitable for a generalised method necessary for the

Acceptable Solutions.

EUROCODEPARAMETRIC FIRE

As part of the move to have common European standards, as required by the
European Commission, the European Committee for Standardisation (CEN)
produced Euracode 1 Parl 2-2 "Actions on Structures exposed to Fire" (EC1
1995). The document provides a formulafor calculating afre time/temperature
curve that was consideredto be more in line with the behaviour of real fires in
buildings. The formula takes into account the main parameters that were
consideredto influencethe growth and developmentoffires, ie.fire load, opening
(ventilation)factor, area of the enclosure andthermal properties ofthe enclosure
boundaries. As indicated by Buchanan (1998), the formula was an attempt to
approximate the Swedish curves discussed in Section 2.6 earlier.
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The EC1 methoddivides the fire development into two phases, a heating phase
and a decay phase. The time temperature curve for the heating phase is given

by:-
T, = 1325(1-0.324e™" - 0.204e™"™ - 0.472e™™)

where t* is the modified time given by:-
t* =t (F/0.04).(1160/(kpc))?
F, is the opening factor given by:-
F, =AVHIA,

The heating phase continues for a time {; given by:

t, = .00013q, (F /0.04)2.(1160//(kpc))> ( 1 )
F,

where k =thermal conductivity of the compartment's boundaries
¢ =the specific heat of the compartment boundaries
p =the density of the compartment boundaries
q, = the fire load per unit area of the total area of the enclosure.

The dewy phase of the curvesistaken as linearand is based on the duration of
the heating phase. Typicalgraphs producedby the Eurocodeformula are given
in Figure 2.23.
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Figure 223 Typical Time Temperature Curves for Eurocode Parametric Fires
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Although the EC1 formula has a sound scientific basis, its validation was with
experimentaltest fires performed in small compartments. There has beensome
debate on the validity of the linear short term decay phase with respectto real
fires. Comparing the time temperature curves predicted by EC1 with the
experimental test results for large scale compartment fires, Clifton (1996), for
tests carried out by BHP in Australia, and Wang (1996), for tests carried out at
Cardington, both showed that the decay phase of real large scale fires was
generally much more extended than that predicted by EC1. Figure 2.24 shows a

typical result given inWang's paperfor the Cardington tests.

1200

combustion gas tempsrature (CY}

140

Figure 2.24 Comparison of EC1 Fire Curve with Experimental Results

Although the shape of the decay phase is important when considering the fire
resistance of structural elements in a compartment, for calculatingthe maximum
compartment temperature for radiation effects these refinements are not

necessary.

Althoughthe EC1 formula can be readily calculated using spreadsheets, it isfar
too complicated to be used in an Acceptable Solution. A possible alternative
basedonthe EC1 would be the nomogram proposedby Franssen (1996) shown
in Figure 2.25. Although this nomogramtakes out some of the complications of
the formula, there is still a substantial degree of calculation and knowledge
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required. For this reason, it is not considered applicable to an Acceptable

Solutions type of approach.
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Figure2.25 Nomogram for EC1
2.10 BARNETT'S BFD CURVES
Ina presentation at the 1996IPENZ Conference, Bamett proposedthe use of a

design time temperature curve which he termed a "BFD curve" (Bamett, 1996).

The curve is based on the formula:

Ta=T a.e((log t - log t,)% +T,
f



where T, =the ambient temperature °C
T, = the temperature at any timet °C
T, = the maximum temperature generated °C
t =time from start of fire (min)
t, = time at which Tj; is reached (min)
f = growthfactorf,, or the decay factor f,

The methodwas principallydesignedto be usedto determine the fire resistance

of structural members in a compartmentfire.

The presentation was based on an earlier paper by Bamett (1995) which
described the preliminary theories behindthe BFD curves and showed that by
judicious choice of the various parameters of the equation, other design curves
such as the Swedish curves Or the 1SO curve could be generated. Forexample,
Figure 2.26 shows the Swedish (Building Type A curves) comparedto the BFD
curves modelling the 50 and 500 MJ/m? fire loads.
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Figure 226 Comparison of Swedish Curves and BFD Curves

In addition to design curves. BFD curves can also be used to modelthe results
of experimentaltest fires. As an example, Bamett used the results reported by
Kirby (1994) to model the large scale wood crib fire tests carried out at
Cardington. An example of this modelling is shown in Figure 2.27 with the
markers being the test results and the solid line the BFD curve.
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Figure 227 Comparison of Experimental Results with BFD Curves

A sample of some of the parameters that Bamett has derived for various design
and experimental fires are given Table 2.4.
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Time Temperature Curve BFD Parameter
T, ty f, f,
ISO 834 1400 9700 -65 -
Swedish Curve - Growth 1575 | 37000 -80 -
500 MJ/M? Decay 1018 105 i -29
CardingtonTest 2 1100 29 -0.8 -0.8
CardingtonTest 5 1160 39 -1.6 -1.6
Car Test 590 13 -1.0 -1.0

Table 24 BFD Parameten for Fire Curves

Although the BFD curve method proposed by Barnett appears as though it may
be a valuable design tool for fire engineers inthe future, the theory has still to be
defined and the method is not suited for simplified use as required for an

Acceptable Solution.

COMPUTER MODELLING OF COMPARTMENT FIRES

Computer modelling of compartment fires is a specialised field and completely
outside the realms of an Acceptable Solution. However, for the sake of
completeness several of the computer models readily available are briefly

described.

Although computer programmes were used for calculating post flashover fire
temperatures by Kawagoe (1967) and Magnussonand Thelandersson(1970), as
described in earlier sections of this chapter, the most enduring and widely
accepted of the early computer programmes is COMPF2 by Babrauskas (1979).
A detailed review of COMPF2 has been carried out by Wade (1995) and the
programme has been used by researchers in New Zealand such as Thomas
(1995). Figure 2.28 shows a graph of the type of fire time temperature curves
generated by COMPF2.
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Figure 228 Time Temperature Curves obtainedfrom COMPF2

A master's research projectis presently underway by Feasey (1998)to determine
a methodology for using COMPF2 for typical New Zealand conditions.

Of the more recent computer programmes in general distribution, the most
frequently used are FPEtool, CFAST and FASTLite. The earliest of these
programmes is FPEtool, which contains a fire modelling module called "FIRE
SIMULATOR which is described in the NIST manual by Deal (1993).
Considerable testing was done by a number of researchers such as Nelson and
Deal (1991) to verify that analysis using FPEtool provided reasonable
approximationsto experimental test data. Basedon the testing itwas considered
that a reasonable level of confidence could be placed on the model, at least for
one room configurations.
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CFAST is a more refined model that allows for a number of parameters not
available in FIRE SIMULATOR such as interconnected rooms, ceiling vents and
fans. The use of CFAST if described in the manual by Peacock (1997). Again,
numbers of researchers have carried out experimental verification tests of
CFAST. Inwork by Dembsey (1995) it was found that CFAST tended to predict
hotter compartmenttemperatures than were achievedinthe experiments, but as

this was a conservative result it was considered satisfactory.

Because of the good agreement with test results CFAST has been used in
conjunction with other programmes to predict the fire resistance of different
building elements ratherthan undertakingfull scale testing. Lin (1997) reports
on analysis undertaken to predict the thermal and structural performance of

timber framed walls exposed to simulated office fires.

Although CFAST is a more robust model than FIRE SIMULATOR, it is
substantially more complicatedto use and in an attempt to provide a more user
friendly tool NIST produced FASTLite which has a range of applications similar
to FPEtool butwhich has afire growth model that is a simplified version of the
CFAST zone model. The user manualfor FASTLite was provided for NIST by
Portier (1996). A paper by Buchanan (1998) describes indetail the way inwhich
FASTLite may be usedto model postflashoverfires. Figure2.29 showsthe time
temperature curves produced by FASTLite for a compartment with a constant
window size and a varying fuel load and vice versa. Buchanan compares the
output from various FASTLite runswith the time temperature curves produced in
the Swedish curves and using COMPF2, and concludes that the temperatures
produced by FASTLIite are higher than those of the other methods. At the
conclusion of his paper, Buchanan makes a number of recommendations for
suggested improvements to the FASTLite programme to enable additional
flexibility of input, improved modelling of the fire temperature curve and

remedying of a number of software bugs.
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Figure 229 FASTLITE Generated Fire Curves

2.12 RECOMMENDED METHOD OF DETERMINING EMITTED RADIATION FOR
THE ACCEPTABLE SOLUTIONS

The majority of the methodsforestablishingcompartmenttemperatures reviewed
in this chapter and in the extensive background research carried out for this
report are not considered suitable for use as the basis for radiation calculations
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for an Acceptable Solutionfor boundary separation. Although the methods are
very valuable and can be usedto great benefit by experienced professionalsfor
specific circumstances, they are generally aimed towards providing information
for establishingfire resistance of structural members. The reasonsfor rejecting

the various methods are one or more of the following:

. Requires extensive computation
> Requires detailedfire engineeringknowledgeto choose correct valuesfor
variables
. Requires compartment variables to be specified to a greater extent than

is practical for a building that may vary inthe future

Any method to be used for an Acceptable Solution must be capable of being
quickly and easily used by people who have no fire engineering knowledge or
training and who do not wish to be involved in the intricacies of extensive
mathematicalcomputations. Fromthe review carried outfor this report and from
several years of practice, it is considered that the present Acceptable Solution
method inwhich prescribedradiationvalues (or compartment temperatures) are
used is probably the most suitable for a generalised, easily used solution.
However, it is considered that the present method using only TWo gradations of
radiation is too coarse and the values used are not generally consistent with
results obtained from more rigorous analyses.

It is proposed that four values of emitted radiation be used based on the fire
hazard categories defined inthe present Acceptable Solutions and described in
Section 1.3 of this report.

Appendix B of this report compares the compartment temperatures obtained
using a number of the methods described in this chapter for a typical moderate
sized roomwith a range offire loads. Itisacknowledgedthatthis isfor a specific
configuration but the results show a spread of values with the highest being

approximately 20% higher than the lowest value in each case. The values
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obtained using the standard {SO curve approach described in section 2.4 were

generally midway inthe range of results.

As has beenindicatedearlier, the standardfire curves are usedto define the time
temperature curves to be produced in furnaces to test the fire resistance of
building materials and elements. The concept was first introduced in 1916 and
the values used were based on temperatures obtained in early ad hoc testing
carried out usingwood fires (Drysdale). The standard fire curves are generally
not consistent with the time temperature curves obtained from actual
compartmentfire tests. However their use in defining a temperature to be used

to establish an emitted radiation values has several advantages:-

(@) The concept of standardfire curves is already accepted.

(b) The standard fire curves are already defined and values can readily be
obtained from simple equations.

(¢) The fire resistance of external walls is already considered in the
Acceptable Solutions and the approach has been readily accepted by

users.

(d)  Thevalues obtainedusingthe methodare not inconsistentwith the results

of more rigorous theoretical analyses based on experimental results.

Based on the above, it B considered that using the temperatures obtained from
the 1SO 834 standard fire curve to generate emitted radiation values is an

acceptable compromise to the various methodsthat have been reviewed.

Using the design values of FLED for each of the Fire Hazard Categoriesthe fire
resistance ratings for typical compartments were obtained from Table 1 of
C3/AS1, and with some degree of rounding of the values, the typical ratings are
30 min, 60 min, 90 min and 120 minfor FHC 0to 4 respectively.
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Usingan ambienttemperature of 20°C the resulting!SO curvetemperatureswere
determined and from these, emitted radiation values calculated. The figures are
given inTable 2.5 belowtogether with the rounded proposed radiationvalues to
be usedinthe Acceptable Solution.

Fire Fire ISO Curve Exact Proposed
Hazard Resistance | Temperature | Radiation Radiation
Category | Rating (mm) (°C) (kwim?) Values
1 30 842 87.2 856
2 60 945 125 125
3 90 1006 151 150
4 120 1049 173 175

Table 2.5 Proposed Emitted Radiation Values
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CHAPTER 3: HEAT RADIATION TRANSFER

31

Once the radiation intensity being emitted by the fire compartment has been
established, it is necessary to consider how that radiation is transferred to the
target building. A considerable number of factors are involvedwhich can either
increase or decrease the effect of the radiation and these will be considered in
this chapter.

FLAME PROJECTION

As was stated in Chapter 2, this report deals with fires that have flashed over and
are inthe fully developed burning phase of the fire curve. Inthis situation, itis
usualfor flames and hot gases to be emanatingfrom any openings which do not
have fire rated closures over them. As can be readily observed from bothfire
tests and actual fires, the height of these flames above the window and the
horizontal distance that they project out from the face of the wall can be quite
considerable. The NZBC Acceptable Solutions, likethe regulationsof mostother
countries apartfrom Canada, do not allow for the effect of flame projection and

the purpose of this section is to see whether this is valid.

In his paper reviewingspread of fire from compartments, Quintiere (1979) cites
experiments done in 1958 by the National Research Council of Canadawhere a
number of full scale fire tests were carried out on buildings in the town of
Aultsville (Shorter 1960). These tests are often referred to as the St. Lawrence
Bums. Inthese tests, the radiation measuredoutside the burning buildingswas
considerably higherthanthe figure calculatedfromthe compartmenttemperature
and the window opening. Although there were other factors involved, one of the
principal reasons for the higher values was consideredto be the large flames
projecting from the windows and the burning of the exterior cladding above the

windows.
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Inlater work, Law (1968) carried out full scalefire tests to specifically investigate
radiation from fires in a compartment. Radiometers were placed outside the
opening inthe fire compartmentwith one of the radiometers being shielded from
any flames projecting above the height of the window. A number of tests were
carried out usingvarying fire loads and window areas and the results were used
to review a number of the factors influencing radiation from a burning building.
The tests showed that for the large opening, which was about half of the wall
area, the difference between the total radiation measured and that coming from
the window alone was not significant except at highfire loads. Forthe tests with
the opening being a quarter of the wall area, the flame radiation became more
significantwith the difference in the maximum radiationvalues being 25% of the
total radiation. However, the effect of the fire load and the window size on the
radiation measured outside the buildingwas much more significant than that of

the flames. From a statistical analysis of the results Law concluded:-

"The extra radiation from flames outside the openings was not large
enough to warrant altering the recommended separation distances on
which present building regulations have been based."

Figure 3.1 shows the total radiation and window only radiation for the various

tests.

In later work in association with Thomas (1874), Law again looked at the effect
of flame projectionbut this time on external structural steelwork located outside
the opening of a burning building. Inthis paper, they reviewed the work onflame
projections done by Yokoi (1860), Webster and Raftery (1959) and Seigel (1269).
This work had shown that the width/height ratio of openings had an important
effect on the flame trajectory. With wide windows the flame does not project far
from the wall and clings to any wall above, while with the narrow openings the
projectionisfurther as itis easierfor air to enter betweenthe wall and the flames
whenthe flamefrontis narrow. Usingempiricalcorrelations of the data produced
by the earlier researchers, Law and Thomas derived an approximate formuia for

the height of a flame above a window as:-
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z= 18.6(&)”’ -H

where R is the rate of burning (kg/sec)
H is the height of the window
W is the width of the window
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Figure 3.1: Radiationfrom Windows and Flames from Law"s Tests
Itwas noted in the Law and Thomas paper, that the above formula for flame
height tended to give larger values than those found in experimentalwork. For

a later paper in conjunctionwith OBrien{1881}), the correlationwas revisedto:-

z+H= 12.8(\%‘)
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which seemed to better agreement with the experimental results. In this later
paper Law and OBrien also provided correlations for calculating the flame

projectionout from the face of a wall for situations where there isa wall above the
window:-

for H< 1.25W (most situations)
P =2%H
for H> 1.25W

P =0.312H"*W?* + H
3

(Note that in many texts the lastterm, H is usually neglected.)
3

As inthe previous paper, the emphasis inthis paperwas to determinethe effect
of flame projectionson steel members outsidethe opening. Itwas notconsidered
that flame projections need be included in boundary separation considerations
for a number of reasons. These were:-

(a) Separation distances are based on the areas of unrated wall rather than
only windows. Although the glass windows may break and allow flames
to project out of the opening, the non fire rated sections of wall will
withstand the effect of the fire for some time before allowing flames
through.

(b)  Separation calculations are usually based on a maximum intensity
radiating from the entire unrated area for the full length of time, which
tends to produce an overestimate of the radiation flux reaching the
neighbour.

Based on the results of the St.Lawrence Bums, Canada is one of the few
countrieswhich incorporatesa flame projectiondistance initsstandard chartsfor
buildingboundaryseparations. Followingaresearchprogrammeforthe National
Research Council of Canada, Yung and Oleszkiewicz (1988) reported on the
results of full scale fire testing for fire spread by exterior walls.
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The first full scale test was to determine the effect of combustible claddings
above an opening through which flameswere projecting. The radiometerswere
placed on an adjacent wall three metres from the opening at various positions
above the opening. Differenttypes of cladding material were used above the
flaming opening and the results of the tests are shown in Figure 32. As
expected, the radiation from the flames decreased with the height above the
opening and increasedwith the combustibility of the wall cladding of the emitting
building
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Figure 3.2: Radiation from Flames

The paper also reports on a full scale fre test conducted to assess the fire
spread potential to a neighbouring building located 1.8 m away from a flaming
opening, with both buildings having combustible cladding. The test set up and

results are shown in Figure 3.3.
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The fire was startedwith the window glass inplace. At 2.5 minutesthe glasswas
manually removedatfter it had cracked. This is PointA onthe graph. Priorto this
time, the radiation flux on the target wall was insignificant. At Point B flashover
occurred andflames and hotgases startedissuingfrom the opening. Thefacade
above the window ignited and at 4 minutes 40 seconds the flux readings on the
target wall were 29 kW/m? at the opening, 38 kW/m? at 1.5 m above the centre
of the opening and 55 kW/m? at 3.0 m above the centre. These figures are all
well abovethe normally acceptedheat flux for non piloted ignitionof combustible
cladding of 25 kW/m? and shortly thereafter the target wall ignited. This is
Point C on the graph. At this point, the fire room temperature was relatively
uniform at about 1000°C. If the results of the experiment are compared to a
FIRECALC analysis based on the experimental configuration and assuming
radiation coming only from the window, the maximum radiation directly opposite
at a distance of 1.8 mwould be 11 kW/m? comparedwith the 30kW/m? obtained
inthe test. This intensity of radiation would be achieved if it was assumed the
window was located one metre away from the target wall. To checkthe effect of
the flame projection, the same test was carried out with a fire window over the
opening and the maximum radiation on the target wall was only 5 KW/m?. This
agreeswell with the FIRECALC analysis, assuming 50% attenuationthroughthe

fire window glazing.

Ina paper presentedto the second international symposium of the International
Associationof Fire Safety Science Barnett(1988), proposedthat if specificflame
projectionandflame temperature calculationswere not carried out an additional
o metres should be added to the required building separation to allow for the
effect of external flaming. However, from the example analysis given in
Appendix C of this report, it can been seen that the effect of external flames for
atypical sized window would be to increase the separation by only 0.32 m.

Although larger flame projections from tall narrow windows and from larger
overall radiators may occur, the figure of tWo metres proposed by Barnettwould
appear to be overly conservative. An increase of 1.2 m in the building
separation, as usedinthe Canadian Code would appear to be more applicable,
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but for ease of calculation and as the present Acceptable Solutions do not
include any allowance at all, projections of 1.0 m are proposed for Fire Hazard
Categories 3 and 4 and 0.5 m Fire Hazard Categories 1 and 2. The large
projectionfor the higher categories is becausethe higher fire loads will result in

ventilation controlled burning with significant external flaming.

EMISSIVITY

Methods for calculating the emissivity of flames projecting from a burning
compartment are described in Appendix C. However when considering the
radiation coming from the openings of a burning compartment, all of the
researchersincluded inthe referencelistadvocate the use of an emissivity equal
to 1.0. This was patrticularly noted in the work done by Law for Fire Research
Technical PaperNo.20 (1968), inwhich she states that the compartment should
be assumed to be a black body when determining the radiation being emitted
through any openings. Inthe literaturereview undertakenas part of this project,

no references could be found to justify a value for the emissivity of lessthan 10.

CONFIGURATION FACTORS

The intensity of radiation received on a surface remote from the emitter can be
found by usinganappropriate "configurationfactor”, whichtakes intoaccount the
shape of the emitter, the shape of the receiver and the geometrical relationship
betweenthe tWO0. Values of configurationfactors are given in most heattransfer
texts, such as Incropera and de Witt (1970) or Howell (1982). In essence the
configuration factor is the factor by which the value of emitted radiation is
multiplied by in order to achieve the maximum received radiation. Forthe values
used inthe Acceptable Solutions, a configurationfactor of 0.075 is used for the
higher intensity fire and a factor of 0.15 is usedfor the lower value of emitted

radiation.

The boundary separation tables of the Acceptable Solutions, like those of most
other countries, assume that the receiver is located opposite the centre of a
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rectangularemitter. The configurationfactor for this situation is given as part of
the analysis of the C3 tables outlined in Appendix A of this report. For situations
where the entire facade of the rectangle is assumed to be on fire, the
configurationfactor method is accurate and relatively straightfoiward. However,
when there are number of openings in a fire rated wall the configuration factor
method must be applied with care. As set out in the original paper by Law
(1863), configuration factors for walls with regularly spaced openings can be
based on the proportion of the area of the unrated openings compared to the
overall wall area. However, if a wall has an uneven distribution of openings or
widely spaced openings, the effect of increases or decreases in the proportion
of unrated area to overall wall area must included. Inthe early work to produce
spatial separation tables using the overall configuration factor method such as
that by McGuire (1965), a considerable amount of manual computation was
required to produce the tables and consider any local variations. With this
amount of manual computation came the inherentrisks of errors. To allow more
rapid calculation of spatial separation and consideration of the effects of non
uniform openings, Williams-Leir (1966 and 1970) proposed various
approximations that gave relatively close agreement to the exact calculations
using the configuration factor method. However with the advent of easily
accessible computers and spreadsheet programmes, the drudgery of hand
calculations has been eliminated and the effect of local concentrations of
openings can be rapidly assessed, as shown in the spreadsheet included in
Appendix A.

Based on the above, it is considered appropriate to continue to use the
configuration factor method assuming a rectangular radiator as used in the
Acceptable Solutions, but with the proviso that the effects of a non uniform

distribution of openings must be considered.

WIND

In the C3 tables of the Acceptable Solutions the effect of wind on flame

projectionsis nottaken into account andthis is the casefor the spatial separation
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tables used in most other countries. As reported by McGuire (1965) the
St.Lawrence Bums, whichwere the basisfor the Canadianregulations, indicated
that wind direction and speed had a significant effect on the radiation received
outside the building. The experimentswere carried out inwindy conditions with
wind speeds of up to 22 km/hr. It was found that the radiation levels On the
leeward of a buildingwere, in general, much greater than those on the windward
side. Inspite of this, the Canadianregulations do not include the effects of wind

inthe derivation of their tables.

The effect of wind is difficult to generalise. Ifthe building has a through draught,
flames projecting out of the openings on the leeward side will be longer but
possibly cooler. Forwind parallelto the wall, the flames will be deflected along

the wall thereby reducingthe forward projection and again causing cooling.

Law (1968) reported on small scale tests in which air was blown into 0.5 m?
compartments containing burningwood cribs. Itwas concludedfrom the model
tests that burning rates would differ by less than 70% for wind speeds of up
29 km/hr. Law concluded that the large volumes of received radiation recorded
inthe St.Lawrence Bums may have beenthe result of through draughts inthe
Canadian buildings which typically had fewer internal walls. To support this
conclusion, she reportedon full scale house fire tests carried aut in 1949where
there was a marked increase in flames aut of the leeward windows once the
internal partitions had collapsed. This did not occur until very late in the fire

tests.

Although high winds may promote spread of fire by transporting flaming brands
for some distance from the original fire, this aspect of fire spread is not
considered as part of this report. Because of the difficulty in generalising the
effects of wind on flame projection, flame temperature and compartment
temperature, it is not considered that the potential effects need be included in
standard tables designed for generalised use throughout the country. The
allowance of 0.5 mand 1.0 mfor flame projection proposed in Section 3.1 above
would cater for the effect of wind to some extent. Although the flame projection
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may get greater once internal partitions have collapsed and a through draught
develops, this is likely to occur very late inthe fire at which time the Fire Service

should have intervened in most urban situations.

TRANSMISSIVITY

Transmissivity is also known as absorption and is normally given a value
betweenOand 1. Itrepresents the partial attenuation of the radiation energy by
absorptionwhile travelling betweenthe source andthe receiver. The absorption
can take place in the atmosphere, water spray or in building materials such as
glass. Although there are methodsfor calculating the transmissivity through all
of these media, this would come under realms of specificfire engineering design

and is beyondthe scope of the Acceptable Solutions.

Itshould be notedthat atmospheric absorptionincreaseswith increasing relative
humidity of the air. Under normal circumstances, there is a less than 10%
decrease inreceivedradiationfor separation distances upto 20 m and therefore

it is normal practice to assume a value of 1.0 for transmissivity.

FIRE SERVICE INTERVENTION

As described in Section 1.5, the majority of overseas codes reviewed derived
their requiredseparationdistances on the basisthatthe fire service would attend
within a short period (under 10 minutes) and begin wetting down adjacent
buildings that might be at risk. This is also true of the Acceptable Solutions,

although it is not stated anywhere inthe document.

As the vast majority of cases where radiant ignition of adjacent property may
occur will be in urban built up areas, it can be expected that the New Zealand
Fire Service will be in attendance within 10 minutes. Therefore it would appear
reasonable to continue to allow for this in establishing revised separation
distances.
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CHAPTER 4: SPECIFICATION OF CRITICAL SEPARATION DISTANCES

4.1

42

MIRROR IMAGE CONCEPT

The Building Code Acceptable Solutions, like most other countries, specify
boundary separation distances in the tables. This is on the basis that the
boundary distance is half the separation distance at whichthe receivedradiation
would be 12.6 kW/m?. This is known as the "mirror image" concept. The
supposition is that two similar buildings, one the mirror image of the other, are
placed equidistant either side of the property boundary such that the distance
betweenthem isthe correct separation to limit the receivedradiationon eitherto
12.6 kW/m?,

However, in practice, when a new building is being designed the position and
nature of any potentially exposed neighbouring building may not be known. If a
neighbouring building does exist, it is most unlikely that itwill be mirror image of
the proposed buildingand has the same boundary separation. There is always
the possibility that any existing building may be demolished and a building with
totally different radiation characteristics and boundary separation may be
constructed. Inthese circumstances, it is not considered appropriate that the
actions of a neighbour should require an owner to upgrade his own building.

In Law's original paper (1963) on which the British and hence the New Zealand
separation tables are based, she discussed the problem and admits that for
dissimilar buildings the mirror image concept may result in received radiation

intensities greater than the limiting criteria.

EXAMPLE OF MIRROR IMAGE CONCEPT RESULTING IN A DANGEROUS
SITUATION

As an example of the problems that may occur, consider the situation shown in
Figure4.1.
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Figure 4.1: Mirror Image Concept

Building 1 is erected initiallyand 4 mhigh by 15m long. The wall adjacentto
the boundary is predominantly of concrete blocks but selected panels, uniformly
distributed along the length, are df timber framing with cedar shingles. These
unrated areas amount to 35% of the wall area. From the spreadsheet analysis
given in Appendix D a boundary separation of 2 m would be required to comply
with the Acceptable Solutions. Subsequently, a building is built on the
neighbouring property of similar size but, in this case, the wall facing the
boundary B completely unrated. In order to comply with the mirror image
concept, this building must be located 4.8 m from the property boundary. The
final configuration results in a total separation between the two buildings of 6.8m.
From the FIRECALC analysis given in Appendix D, it can be seen that if Building
1 s on fire the radiation received on Building 2 & only 7.0 kW/m?. However, if
Building 2 bums, the incident radiation on Building 1 is 20.0 kw/m?, which &
substantially more than the limiting value of 12.6 kW/m? assumed by the
Acceptable Solutions.

In her paper, Law suggeststhat the onlywayto ensure that all possible situations
are made safeisto limit the radiation at the boundary to 12.6kW/m?, Law rejects
this idea as being overly conservative and likely to result in either large amounts
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of wasted land or much higher building costs to provide fire rated walls. Ina
private communication, Law (1998) advised that the mirror image concept was
adopted because underthe British regulatory systemthe design of a buildingon
one lot could not be legally made dependent on the location of a building on
another property. In practice it had been found that the mirror image concept
generally followed the ""swings and roundabouts™ principle.

LIMITING DISTANCE CONCEPT

In spite of the wide use of the mirror image concept, the example above
illustrates that it is relatively easy to produce situations where the received
radiation on a building is substantially higher than the accepted limits and the
difference would have been substantially more if the buildingswere of different
sizes as well as different configurations. In most countries, the building
regulationsstipulate a minimumboundary separationbelowwhich boundarywalls
are not permitted to have unrated openings and the claddings are to be
incombustible. In NewZealand this limiting distance is 1.0 m. Ifany building is
constructed on an adjacent property closer than this distance to the common
boundary. it can be assumed that the wall will have a fire resistance rating of at
least30 minutes and will be ratedfrom both sides. As such, it can be takenthat
these walls would withstand a much higher incident radiation than the present
criticalvalues used indeterminingthe separation tables. However, at distances
greater than 1.0 m, parts or all of the boundary wall may be nonfire rated and
have a combustible cladding. As the owner of one property has no rightimpose
limitations on the manner or form of construction on a neighbouring property
(provided such building complies with the Building Code) there is no way of
determiningwhere nonfire rated openings may occur. Thereforeitwould appear
logical to take this limiting distance of 1.0 m as being the point at which the

limiting incident radiation must not be exceeded.

If this approach is usedfor the example quoted in Appendix D of two buildings4
m high by 15 m long, Building 1 with a boundary separation of 2.0 mwould be
allowed to have only 28% of the wall face area unrated while the adjacent
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Building2 located4.8 mfrom the boundary could only have 52% of its wall area
unrated. Thisisillustratedin Figure4.2. (Note that noallowance has beenmade
for flame projection inthis example.) Conversely, if the amounts of unratedwall
area were to remain the same as the first example, the boundary separation
distanceswould have to increaseto 3.0 mand 8.6 m respectively. Inall cases
the incident radiation on the faces of both buildings is less than'the critical value.
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Figure 4.2 Limiting Distance Concept
RECOMMENDED CHANGE

As stated by Law, the mirrorimage method has not led to a significant number of
failures inthe past on the basis that neighbouring buildings are as likely to be
builtoutside the critical distance as inside it. However, in the modem market
where commercial pressures require as much building as possible for the least
cost, itisfar more likely that buildingswill be constructed as close as possibleto
boundaries with the minimum possible fire ratings. It is consideredthat on the

basis of soundfire engineering principlesthe limitingdistance conceptshould be

- adopted basedonthe 1.0 mboundaryseparation limitationfor unratedopenings

used inthe present Building Code Acceptable Solutions, even though this may
result inincreasedboundarydistances or decreases in allowable proportionsof
non rated wall area. If this proves to be a major economic disadvantage, a

possibleincrease inthe 1.0 m limitationto say 1.5 m could be considered.
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CHAPTER5: CRITICAL RECEIVED RADIATION

5.1 WHAT IS DAMAGE?

The functional requirements of Clause 3.2.1 of the New Zealand Building Code
requiresthat:

"Buildings shall be provided with safeguards against fire spread so that:

M adjacent household units and other property are protected from
damage."

However, "damage" is not defined anywhere in the Building Code. As can be
seen inthe photographs given in Section 1.6.1 of this report, damage can range
from blistered paintwork, cracked windows and melted PVC downpipes up to

charred and ignited exterior cladding.

The NewZealand Building Code Acceptable Solutions consider critical radiation
to be that which would cause piloted ignition of timber. Piloted ignition is used
as it is generally consideredthat although flaming brands are unlikely to ignite
an adjacent wall directly, it is very likely that small burning embers will occur
which will ignite the combustible volatiles that are driven off heated cladding
materials. Mostother countries usethe same criterion. The rationalebehindthis
would appear to be that if ignition of the exterior of an adjacent building occurs
it could leadto partial or total loss of this buildingand potentiallyincreasethe risk
of fire spread to further buildings because of the increasedfire size. The life

safety of the occupants of the adjacent buildings could also be compromised.

Minor damage such as blistered paint, minor charring, cracked windows and
melted guttering can be relatively easily and cheaply repaired. Major charring
and potential ignition of cladding could lead to substantial repair costs if the

adjacent buildingbecomesfullyinvolvedand also there may be an increasedrisk
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of loss of life if occupants of a neighbouring building are not given adequate
warning.

One potentialriskthat has been suggested as a design criterion is the ignition of
curtaining or other material on the inside of a window in the adjacent building.
Itis not considered that this is a limiting case. Ifthe glass 0fa window remains
in place the material can only catch fire through spontaneous ignition as no
embers will be present to act as an initiator. Generally spontaneous ignition
occurs at much higher values ofF received radiation - usually in excess of
20 kW/m?2. Under normal circumstances it is unlikely that the glass in a window
of an adjacent buildingwill fall out even if the pane has been cracked due to the
effect of an adjacent fire. This would seem to be borne out by observations of

actualfires by the author, even though this is admittedly only a small sample.

Based on the above, it is considered that prevention of piloted ignition of the
exterior cladding should still be regarded as the criterionfor preventingdamage
of adjacent buildings.

IGNITION DUE TO RADIANT HEATING

The processesinvolvedinthe heating oF solids by radiantenergy are numerous
and complex To derive expressions for the rise in surface temperature it is
necessary to consider reradiationfrom the heated surface, conductionthrough
the solid, radiation from the rear face and convective cooling from both faces.
The theory of the processis covered in detail by Drysdale (1985) and by Kanury
(1995) and it is not proposed to reproduce this analysis here. It is sufficientto
say that with major simplifyingassumptions beingmade, itis possibleto produce
one dimensionalmathematical solutionsforthe rise of temperate of a surface due
to radiant heating. Both Drysdale and Kanury stress that, because of the
simplifications made, great care is required in applying any of the mathematical
expressions. Because of the complexities involved, a great deal of research has
gone into establishing critical radiant heat fluxes for various materials by
conducting laboratory tests.
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The tests generally consist of subjectinga sample of material to a constant heat
flux from a radiant heater and establishing the time and/or temperature at which
ignition of the material takes place. In considering the ignition, Two situations
must be considered - piloted ignition and spontaneous ignition. For piloted
ignition the test involves the introduction of a spark close to the surface of the
material to ignite the combustible gases that are being driven off from the
material by the elevatedtemperature. For spontaneous ignition,the combustion
gases may ignite spontaneously if the gas/air mixture reachesa sufficiently high
temperature. This requires a much higher heat flux than piloted ignition. Inreal
life, the only time when spontaneous ignitioncould be guaranteed is if the heated
material is behind a barrier that will not allow burning embers close to the
material. For example this could be a curtain inside a window. The most likely
situationthat could occur when consideringfire spread betweenbuildings isthe
piloted ignitionof a combustible wall cladding and this is the design criterion that

is invariably used.

EXTERNAL CLADDINGS TO BE CONSIDERED

In New Zealand at the present time, there are a considerable number of
variations in possible external claddings. These include timber, PVC, fibrous
cement panels, masonry and plaster over either fibrous cement or rigid
polystyrene. Apart from the timber and PVC the other products are either non
combustible or require exposure to a very high radiant heat flux for a prolonged

period before piloted ignitionwill take place.

The Building Research Association of New Zealand has carried out tests on
typical exterior claddingmaterialsto determinethe relativeperfermance inregard
to flame spread up the exterior of a building. The results of the tests and a
proposed revised method of classifying the claddings has been reported by
Wade (1995) and Cowles and Wade (1998). The testing involved exposing
samples of the various claddings to a radiant flux of 50kW/m? for 15 minuteswith

a sparker present ina cone calorimeterand measuringthe time to ignition, peak
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heat release rate and total heat released. The results for time to ignition are

shown inTable 5.1.

n Generic Description
Exterior Insulation and
Finish System insulclad Va4
Fibre-cement board Hardiflex Brown 86
Fibrecementboard Hardiplank Brown 82
Metal sheet Nu-Wall 98
Plaster Multiplast Insulcote 130
Plaster Duraplast &
PVC Superclad 28
Timber Pine Brown Acrylic 15
Timber Shadowclad 18
Hardboard WB Weathertex Brown 23
Fibre-cement board Hardiflex White 134
Hardiplank White 66
Pine White Acrylic 15
Weathertex White 65

Table 5.1: Time to Ignition for 50 kW/m? Radiant Flux

As can be seen, only the PVC had an ignition time close to the various timber
products. Testing by the manufacturers indicates that the ignition point of PVC
is in the order of 480°C compared to the 350°C quoted by Drysdale for piloted
ignition of wood. The one failing of the PVC is that it will distort at a very low
temperature of around 50°C. However, based on the damage criterionproposed
in Section 5.1, this distortion would not be regarded as a design criterion for

specifying building separations.

Thus it is considered that the piloted ignition of timber should continue to be
regarded as the design criterion for specifying building separations.

IGNITICN OF TIMBER CLADDING

In the paper by Law (1963) on which the British regulations and hence the
Acceptable Solutions are based, she states that piloted ignition of oven dried
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wood only occurswith intensities above 12.6kW/m? for heatingtimes inthe order
of ten minutes or more. She states that in practice exterior timber will always
contain some moisture which will have the effect of raisingthe minimum intensity
at which piloted ignitionwill occur. Inaddition, painted timber will also require a

2 n

higher ignition intensity. She states that the figure of 12.6 kW/m* "errs on the

side of safety".

In later work with Simms (1977). Law carried out experiments to specifically
investigate the effects of moisture content on the radiant ignition of timber. A
large number of experimentswere carried out using a range of timber species,
sizes and moisture contents. The effects of moisture content on both pilotedand
spontaneous ignitionwere investigated. The results of some of the experiments

relatingto piloted ignition are shown in Table 5.2.

wood | Density Thickness Moisture Range of Range of
kg/m?® mm Content intensities ignition
% kW/m? Times {sec)
Oak 660 13 Dry 15.9-20.9 415-140
20 23 605
40 24.7-27.2 635-530
800 19 Dry 15.9-16.7 1260-1115
20 20.9-23.0 1020-630
40 17.1-188 2580-2020
Columbian 460 13 Dry 19.2-20.9 430-160
Pine 20 22.6-23.0 460-500
40 26.3-29.3 310-140
770 19 Ry 16.3-16.7 2130-1440
20 18.0-18.8 1940-1770
40 16.3-17.1 3540-2230
European 460 13 Dry 18.8-20.9 240-180
Whitewood 20 21.7-25 1 610-370
40 23.8-25.1 550-260
19 Dry 15.5-16.3 2380-1520
20 16.7-21.7 1800-300
40 17.6-20.9 1520-530

Table 5.2: Result of Experiments investigating the Effect of Moisture

Content on Radiant Piloted Ignition (Law and Simms)
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The results were converted into a graphical form showing how the minimum

radiant intensities vaned with moisture content as shown in Figure 5.1.
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Figure51: Minimum Intensity of Radiationfor Piloted Ignition

The experiments showed that the effect of moisture intimber was to increase the
ignition time, the total ignition energy and the minimum intensity for both
spontaneous and pilotedignition. The report notedthat based on the extensive
testing done, the lowest value at which pilotedignition of dry timber was likely to
occur Wes 14.6 kW/m?. At the lowest likely moisture content of 10% for external
timber, ten minutes of exposure to aflux of 16.7 kW/m? would be required before
piloted ignitiontook place. Thus the conclusions of the report stated that there
was an "amply safe margin” in the choice of 12.6 kW/m? as the maximum

acceptable level of receivedradiation for the Building Regulations.

In.her later Fire Research Technical Paper No.20, Law (1968) presented the
results in a different graphical form as shown in Figure 5.2.

Inthis paper Law states that for a typical moisture content of 15%, timber with a
density of 800kg/m? would take about 65 minutesto ignite under a constant heat
flux of 15.9 kW/m? and 27 minutes for aflux of 18.4kW/m?. She pointed out that
the peakconstantflux is not likely to occur until at least | O minutes after the start
of afire.
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Figure 52 Relationship between IgnitionTime
and Moisture Content for Timber

The effect of various environmentalconditions on the ignitionof timber has been
investigated by a number of researchers. Atreya has carried out experimentson
many aspect of the problemand in conjunction with Abu-Zaid (1991) investigated
the effects of moisture content, wind speed and Q concentration on piloted
ignition.  Following earlier work {(1985) which showed that piloted ignition
parameterswere not affectedby the sample orientation, ie. vertical or horizontal,

numeroustestswere carried out on horizontal sampies of Douglas Fir subjected
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to radiant heat. The tests showed that the moisture content had a significant
effect onthe piloted ignitiond timber with the ignitiontime increasingwith higher
moisture content and the surface temperature and ignitionflux also being higher.
Inthe testing, the minimum heat flux at which piloted ignition occurred, evenfor

dry timber, was 17.5 kW/m?, as seen in Figure 5.3
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Figure53 Effectof Moisture Content on Ignition (Atreya)

The paper points aut that at low incident heat fluxes the curvesfor the different
moisturecontents tend towards the same asymptote. Thisis becausethe timber
heats slowly and the moisture is driven off prior to ignition. This drying out
absorbs some of the heat energy which would normally go into heating of the
timber and hence the time to ignition is significantly increased.

By correlatingthe results of similar work for a variety of timber species, Janssens

(1991) derived a simplified thermal model for piloted ignition. Cone calorimeter

tests were used to establishthe parameters inthe formula:-

q= 0‘,{1 +0.73 (kgc ) °'5“]
2
g

For oven dry timber, the parameters shown in Table 5.3 were established.
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Species T,,(°C) q" (kW.m?) h (W.m?K") kpc(kJZ.m™.K?.s)
Western Red
Cedar 354 13.3 34.9 0.087
Redwood 364 14.0 35.9 0.141
I Radiata Pine | 349 12.9 346 0.156 |
II Dougilas Fir l 350 13.0 34.6 0.158 "
Victorian Ash 311 104 315 0.260 ||
Blackbutt 300 9.7 30.6 0.393 ||

Table 5.3: Parameters for Janssens Thermal Model

In a PhD thesis, Janssens (1991)extended the earlier work to investigate the

effect of moisture content on his model.

He concluded that the ignition

temperature (T,;) increases by about 2°C for every 1% increase in moisture

content. For Radiata Pine the parameters that were derived are shown in
Table 5.4.
Moisture T, h, Oer kpc
Content (°C) (Wim>-K) (kWim?) kJ*-sim*K?)
(%)
0 349 36.6 13.7 0.156
5 359 374 14.4 0.198
10 369 38.2 15.2 0.240
15 379 2.1 16.0 0.281
20 389 40.0 16.8 0.323

Table 5.4: Parametersfor Radiata Pine for Varying Moisture Content

Using these parameters inthe formula derived earlier, it is possible to calculate

the heatflux for a range of ignitiontimes. The results are shown in Figure 5.4.
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Figure 5.4 Piloted Ignition of Radiata Pine (Janssens)

Fromthis graph it can be seen that the minimum heatflux that may be expected
to cause piloted ignitionfor dry timber is inthe order of 15kW/m? and for pine
with a 15%moisture content a minimumflux of 18kW/m? may be expectedfor the

durations we are concerned with.

Inrecent communications (Janssens (1999) confirmedthat hiswork showed that
the critical heat flux is directly related to the ignition temperature and hence
increases with moisture content. He pointed out that using surface temperature
as a criterion for ignitionis an engineering approximation as, in reality, ignition
is dependent on the mass ix of the volatiles being driven off the timber. The

mass flux must be sufficientto create aflammable moisture inthe gas phase and
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this is referredto as the critical mass flux. Moisture being drivenfrom the timber
dilutes the combustible volatiles and a higher mass flux is required for ignition,

hence higher surface temperature and critical flux values.

The critical flux is determined on the basis of an extrapolationfor an infinite
exposure time when, in reality, exposure times rarely exceed an hour and are
often less than 20 minutes. On this basis Janssens agreed that using a higher

critical flux to account for moisture content was justified.

In more recent work in Australia, Moghtaderi et al (1997) derived a slightly
different correlation based oncane calorimetertests on samples of Radiata Pine

and three native Australian wood species. Their expressionWwas:
qn = F kpc)‘ﬁ Big ]tig-x
4

The power factors used are not too differentto that of Janssens and as may be
expected, the graph of their experimental results shown in Figure 5.5 is a similar
shape to that of Janssens' correlation shown in Figure 5.4.
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5.5

PROPOSED NEW CRITICAL RADIATION LIMITS

Based on the work by the various researchersreviewedin Section5.4, it is clear
that the present received radiation limit of 12.6 kW/m? is conservative. Even
allowingfor only a low moisture content it would appear that a value of 16kW/m?
could be justified for the longer duration, higher intensity fires of Fire Hazard
Categories 3and 4. Forthe shorter fires of Fire Hazard Categories 1 and 2 the
peak emitted radiation is lower and the exposure time is less, so itis considered
that a critical received radiation limit of 17 kW/m? would be applicable to these.

Prolonged exposure to the proposed levels of radiation will eventually cause
piloted ignition but the ignition time will be extended. For both situations the
limits do not allow for the time dependent nature cf the radiationfrom a realfire,

which would tend to increase the time to ignition even further.

At the radiation limits proposed the time to ignition for real situations will be
significantly longerthanthe standard Fire Service responsetime sothere will be
additional safeguards against piloted ignition of neighbouring buildings.
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CHAPTER 6: CONCLUSIONS

6.1

6.2

REQUIREMENTS FOR CHANGE

As detailed in Chapter 1, the boundary separations of the present Acceptable
Solutions are similar to the prescriptive requirements of a number of overseas
countries. To date there have been only a few instances, generally of a minor
nature, where a buildingtire has caused damageto adjacentbuildings. However
with the present emphasis on more closely packed urbanisation and owners'
wishes for maximumwindow area in external walls and maximum site coverage,

it is considered that there is a probability of increased risk in the future.

As the NewZealand Building Code is a performance based code it is considered
that boundary separation requirements should be based on sound fire
engineeringprinciplesandcurrentresearch. Thisisespeciallytrue when specific
tire engineering designs are proposed as alternatives to the Acceptable
Solutions, butthe Acceptable Solutionsare notto the same level of rigorousness.
Based on the research detailed in the preceding chapters, it is apparent that
there isscopeto modifythe parametersusedto producethe boundaryseparation
tables of the present Acceptable Solutions.

EMITTED RADIATION

From the review in Chapter 2 of alternative methods of establishing emitted
radiation it is concluded that, as is done inthe present Acceptable Solutions,
specifying the radiation values to be used is the most appropriate method.
However, the present tWo levels of emitted radiation are considered too coarse
and it is proposedthat four levels be used correspondingto the four fire hazard
categories used in the present Acceptable Solutions.
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6.3

6.4

6.5

RADIATION TRANSFER

In Chapter 3 the various parameters affecting heat radiation transfer between
buildings are reviewed and in most instances the existing parameters are
consideredto be acceptable. The exception isthe inclusion of flame projection
iInthe separation distances. A number of the research papers reviewed indicate
that flame projection out of openings can have a significant effect of the level of
radiationreceivedon an adjacent building. Itis consideredthat some allowance
for the effect of flame projection should be included in any revised boundary

separationtables.

Itis significantto note that most of the overseas codes specifically state that the
separation distances are basedonthe assumptionthat there will be Fire Service
interventionwithin a short period, usually under 10 minutes. If this intervention
cannot be guaranteed, the overseas codes require the separation distances to
be doubled, or in some cases tripled. This requirement for Fire Service
intervention is not stated in the present Acceptable Solutions although it is

implicitin the values that have been determined.

BUILDING SEPARATIONS

The boundaryseparationsof the presentAcceptable Solutions, likethose of most
other countries, are based on a mirror image concept where it is assumed that
any receivingbuildingis a mirrorimage of the buildingbeingdesigned. Chapter
4 gives examples of how this approach can easily lead to unsafe conditions.
However, as the Acceptable Solutions specify a boundary distance within which
aneighbouringbuildingmustbefire rated, designto this "limiting distance"would

maintain safe conditions in all cases.

RECEIVED RADIATION

Chapter 5 discusses the type of damage to be considered inthe design criteria
and the external claddings that may be critical.
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It is concluded that the criteria used in the present tables, ie. piloted ignition of
external timber cladding, should continue to be used as the crit'cal design case.
However it is consideredthatthe presentvalue of 12.6kW/m? is conservativeand

can be increased.
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CHAPTER 7: RECOMMENDATIONS

7.1

7.2

73

74

GENERAL

Based on the conclusions outlined in Chapter 6 it is proposed that revised
boundary separation tables be prepared incorporating the alterations to the

design parameters detailed in the following sections.

EMITTED RADIATION LEVELS

As discussedin Section 2.12, it is proposedthat four levels of emitted radiation
be incorporated inthe new separationtables. The values proposed are based
onthe requiredfire resistance ratings of the typical compartments in each of the
fire hazard categories and are determined from the temperatures obtained from
the ISO 834 standardfire curvefor eachfire duration. The proposedvalues are
85 kW/m?, 125kW/m?, 150 kW/m? and 175 kW/m? for Fire Hazard Categories 1
to 4 respectively.

FLAME PROJECTION

Based on experimental results, a number of overseas codes include an
allowance of between 1.2 m and 1.5 mfor flame projection. However as there
have not been significant problems in New Zealand to date and because of the
varying effect of flames, it is proposed that smaller allowances be used in the
amendedtables. For Fire Hazard Categories 1and 2 a flame projectof 0.5m is
proposedwhile for Fire Hazard Categories 3 and 4 the allowanceis increasedto
1.0m.

FIRE SERVICE INTERVENTION
Any new boundaryseparationtables should continueto be basedonthe premise

that the Fire Service will attend the fire within a relatively short period, say under

10 minutes, and being wetting down any neighbouringbuildingthat is at risk.
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7.5

76

77

Howeverthis assumption should be explicitly stated inthe notes of the tables with
the rider that if this is not possible to guarantee, the separation distances given

must be doubled.

BUILDING SEPARATIONS

In order to ensure that critical radiation limits are not exceed as a result of
dissimilar faces on adjacent buildings or differences in constructiontiming, it is
proposed that the “limiting distance” concept be incorporatedin the tables. As
the Acceptable Solutions specify a 1.0 m boundary distance within which a
neighbouringbuilding must befire rated, itis proposedthat this "limitingdistance”
be usedto establish the minimum building separations and hence the required
boundary separationfor the building being designed. This proposalis probably
the most significant of all of the suggested changes in this report as it can
substantially increase the required boundary separation.

VALUES FOR CRITICAL RADIATION

As discussed in Chapter 5 a number of overseas researchers have concluded
that the critical radiation value for piloted ignition of timber is increased by the

present of moisture in the timber.

Based onthis overseas research, receivedradiationvalues of 17 KW/m? for Fire
Hazard Categories 1and 2 and 16kW/m? for Fire Hazard Categories 3 and 4 are
recommended.

PROPOSED SEPARATION TABLES

The proposeddesign parameters on whichthe separationtables are to be based
are given in Table 7.1, together with the existing parameters.



Emitted Flame Limiting Limiting
Case Radiation Projection Radiation Distance
(kW/m?) (m) {(kW/m?) (m)
Old moderate a4 0 12.6 Mirror image
Old high 168 0 12.6 Mirror image
New FHC1 85 0.5 17.0 10
New FHC2 125 0.5 17.0 10
New FHC3 150 10 16.0 10
New FHC4 175 1.0 16.0 1.0

Table 7.1: Boundary Separation Parameters

Using these parameters, the example buildings considered in Appendix A for
100% unratedwalls are reanalysedin Appendix E and the change in separation
requirementsare given in Table 7.2

Fire Wall Present New Present New
Hazard Size Boundary Boundary Building Building
Category Separation Separation Separation Separation

(m) (m) (m) (m)

1 3x12 3.65 55 7.3 6.5

2 3x40 4.75 9.9 9.5 10.9

3 6x12 8.30 13.6 16.6 14.6

4 6 x 30 12.40 22.0 248 23.0

Table 7.2. Example Boundary and Building Separations

As illustratedinthe table, the newboundary separations are significantly greater
than under the existing Acceptable Solutions. However, the lasttwo columns of
the table compare the actual building separations that are assumed in the two
approaches. In the mirror image method of the present tables the building
separation is twice the boundary separation. Forthe limitingdistance approach
the building separation is the boundary separation plus the limiting distance of

10 m used inthe present Acceptable Solutions. As can be seen, the building
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separations are comparable and inthree of the four examples the newones are
in fact less than under the present system. With the proposed tables all

situationswill be safe, whereasthe mirrorimage approachcanresultinsituations

where the limiting radiation is exceeded to a significant degree.

To checkthe general effect of the revised parametersnew separationtables for
the Fire Hazard Categories have been producedand are given in Appendix E.
Using these tables and tables for
Appendix E, the separation requirementsfor unrated 3 m high walls of various

lengths have beendeterminedand are giveninTable 7.3 and illustratedin Figure

the existing parameters also given in

7.1.
Wall Existing 1 Existing New New New New
Length | FHC1and | FHC3and | FHC1 FHC2 FHC3 | FHC4
(m) 2 4
2 1.75 25 25 3.0 4.0 45
4 2.50 3.5 3.5 4.5 6.0 7.0
6 3.00 4.5 45 5.5 7.0 8.0
8 3.50 5.0 5.5 6.5 8.0 9.0
10 3.50 6.0 5.5 7.5 9.0 10.0
12 4.00 6.0 5.5 7.5 10.0 12.0
14 4.00 7.0 6.5 8.5 10.0 12.0
16 4.50 7.0 6.5 8.5 12.0 12.0
18 4.50 7.0 6.5 8.5 12.0 12.0
20 450 70 65 9.5 120 14.0

Table 7.3: Boundary Separations far3m High Unrated Walls
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Figure 7.1: Comparison of Boundary Separations using
Existing and Proposed Tables

POTENTIALAREAS FOR FURTHER CONSIDERATION OR RESEARCH
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As can be seenfrom Figure 1, the new separation requirementsare a significant

increase over those of the existing solutions. This is likely to cause significant

resistance to any changes to the existing values, but all of the proposed

parameters have been chosen for valid reasons and are based on verified

publishedresearch material.

However, there is scope for additional research in some areas which may lead

to a reduction inthe separation requirements established inthis report. These

areas for possiblefuture research are:-
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(a)

(b)

(c)

(d)

Emissivity

By reviewing the radiation emitted from actual building fires, it may be

possible to justify an overall design value for emissivity of <1.0.

Flame Projection

From either experimental or more extensive literature research the
nominal, but still significant, values assumed inthis report could be either

verified or discounted.

Limiting Distance

The limiting distance of 1.0 mofthe present Acceptable Solutions hasthe
most significant impact on the new tables. A review of the construction
cost savings resultingfrom an increase in this distance to 1.5 mor even
2.0 m compared to the increased costs for building within the limiting
distance may indicate that an increase isjustified. As well, consideration
of differing conditionsfor residential properties compared with commercial

or industrial buildings may be fruitful.

Fire Service intervention

As has been stated, the separation tables assume that there will be
interventionto protectadjacent propertieswithin 10 minutes. Althoughthe
effect is not enumerated, it is included as a de facto safety factor. Ifsuch
an assumption is made de facto and due allowance is made in cases
where it cannot be compliedwith, it may be overly conservative to design
for emitted radiation values resulting from 90 minutes and 120 minute
tires. From a review of Fire Service operations and statistics of past fires
it may be possible to place an upper limiton the emitted radiation inareas

where Fire Service intervention can be guaranteed.
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(e) Critical Radiation

A detailedexperimental study intothe values of critical radiationfor piloted
ignition of typical New Zealand timber cladding materials at relevant
moisture contents may indicate possible modifications to the values
proposed in this report.

(f) Radiation from Growing Fires

The research results reviewed for this report were all based on tests
carried out on radiators emitting afixed level of heatflux. Foractualfires
the emitted radiationwill increase as the fire grows and hence the time to
reach the critical radiation will be longer. In addition the effects of
convective cooling and conduction into the wall framing will increasethe

time taken for piloted ignition to occur.

Experimental testing of typical wall construction under transient heating
rather than fixed radiation on a small sample of timber may prove that

longer periods of exposure can bejustified.

When considering the recommendations of this report it must be borne in mind
that inadditionto pure engineering considerations any significantchangesto the
present tables will have considerable political and cost/benefit implications.
Howeversoundthe engineering involvedit may beoverruled by either politicians
or accountants.
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APPENDIX A

VERIFICATION OF BOUNDARY SEPARATION TABLES
OF THE ACCEPTABLE SOLUTIONS

Using the design parametersgiven in Section 1.4, the required boundary separations
for four typical wall elevations are determined from the C3 tables, manually using
Margaret Law's method and from a purpose designed spreadsheet. The values of the
incident radiation on a mirror image building is then checked using FIRECALC.

The four examples are:-

(a) Single storey Childcare Centrewith a 100% unratedwall 3 m highby 12mlong -
Fire Hazard Category 1.

(b) Single storey classroom block with an unrated side wall 3 m high by 40 m long -
Fire Hazard Category 2.

(c) Unratedendwall 6 mhighby 12 mlong of a factory with Fire Hazard Category 3.

(d) Unrated side wall 6 M high by 12 m long of a vehicle tyre retailer - Fire Hazard
Category 4.

1.0 From Appendix C of the Acceptable Solutions:-

(a) Enclosingrectangle3m x12m FHC = I-boundary separation = 3.5 m
(b) Enclosingrectangle 3 mx 40 m FHC =2—boundary separation =5.0 m
(©) Enclosingrectangle 6 mx 12m FHC = 3—-boundary separation = 8.5m
(d) Enclosingrectangle 6 m x 30 m FHC =4—boundary separation= 12.5m

2.0 The emitted radiation values used in the tables would mean that (a) and (b) are
assumed to have a radiationintensity of 84 kW/m?, while (c) and (d) would have

168 kW/m2. Based on the formula | = eoT* with E = 1.0 the compartment



A2

temperatures relating to these intensitieswould be 830°C and 1039°C.

Using the configuration factor method detailed in the Fire Engineering Design
Guide (Buchanan 1994) the radiation received on a mirror image building

conformingto the boundary separations given above would be determinedfrom:-

lo = 00 [(273 + T ,)* - (273 +T,)%

¢ is the configuration factor

E is the emissivity = 1.0

T, is the temperature of the emitter (“C)

T, is the temperature of the receiver (“C)

For a receiver located a distance R away from a rectangular emitter:

p=1 . x tan',_y  +_y tan'_x
90 [\/14-x2 (J1+x2 V1+y? (Jl+y2)_
Where X =H/{2R)
y =WI/(2R)
H = height of the enclosing rectangle (m)
W =width of the enclosing rectangle (m)
R =distance betweenthe emitter and receiver (m)
(twice the boundary separation for a mirror image
situation)

(@ H=3m W=12m R=7m |, =84 kW/m?
X =3/14=0.2143
y =12/14=0.8571
- ¢ =0.1599
=~ lg = 13.43 kW/m?

() H=3m W=40m R=10m [, =84 kW/m?
X =3/20=0.15
y =40/20=20



3.0

A3
- ¢ =0.1423
= | =11.95kW/m?

() H=6m W=12m R=17m I, = 168 kW/m?
X =6/34=0.1765
y =12/34=0.3529
~ ¢ =0.0719
-~ | =12.09kWim?

(d H=6m W=30m R=25m |, =168 kW/m?
X =6/50=0.12
y =30/50 =0.60
~ ¢ =0.0743
- g =12.49 KW/m?

A spreadsheet has been prepared which is based on the C3 tables of the
Acceptable Solutions, but which enables various parameters such as firecell
temperature, emissivity, flame projection and limiting radiation to be adjusted.
The exact size of the boundary wall can be entered together with the actual

separation distance in order to find the proportion of fire rating requiredfor the
wall.

The test examples were checked using this spreadsheet, as shown on the
following pages, and the required separations to achieve an incident radiation
of 12.6 kW/m? are as shown below..

(@) Enclosingrectangle 3mx 12m
I, = 84 kWim? Required boundary separation = 3.65 m
(b)  Enclosingrectangle 3 mx 40 m

| = 84 kW/m? Required boundary separation =4.75 m



4.0

5.0

A4
(c) Enclosingrectangle 6 Mx 12M

[ = 168 kW/m? Required boundary separation= 8.3 m

(d)  Enclosingrectangle 6 ' x 30

i, = 168 kW/m? Required boundary separation = 12.45m

In order to confirm these figures, the specific radiation calculations on the
following pageswere undertakenusing the radiation module of FIRECALC. As
canbe seen, the analysesconfirmthatthe separations given by the spreadsheet
resultinthe incidentradiationbeing 12.6kW/m? as required. Notethat the initial
calculationineach case is to confirmthe temperature required by FIRECALCto
produce an emitted radiation of 84 kW/m? and 168 kW/m>.

Table A.I belowgives the comparisonof the boundary separation obtainedfrom
the Acceptable Solutions with the separations obtained by specific design. As
can be seen, boththe spreadsheet and FIRECALC confirm that the parameters
given in Chapter 1 will indeed produce the values of the C3 Tables of the

Acceptable Solution.

Enclosing Fire Hazard C3 Tables Boundary Specific Design
Rectangle Category Separation (m) Boundary
Separation (m)

3x12 1 35 3.66
3x40 2 50 4.76
6x12 3 85 6.31
6x30 4 12.5 12.44

Table A.l: Boundary Separations from Acceptable Solution

Tables and Specific Design
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FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are in meters)

X-sources:
Radiation temperature 830. °C i
Distance Offset Size of source Opening
X Yx 2% Y VA %
0] 0 0 12 3 100

Maximum radiation flow:
84.015 kwW/m?

Orientation:
® = 90.0°
¢ = 0.0°

Radiation at emitter for low tire load
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FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are in meters)

X-sources:
Radiation temperature 830. °C
Distance Offset Size of source Opening
X Y 7x Y Z %
7.32 0 0 12 3 100

Maximum radiation flow:
12.593 kW/m?

Orientation:
® = 90.00
¢ = 0.00

Radiation from Building (a) at specific design separation
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FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are in meters)

X-sources:
Radiation temperature 830. °C
Distance Offset Size of source Opening
X Yx Zx Y Z %
9.52 0 v 40 3 100

Maximum radiation flow:
12.604 kwW/m?

Orientation:
®@ = 90.0°
¢ = 0.0°

Radiationfrom Building {b) at specific design separation



FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are In meters)

X-sources:
Radiation temperature 1039 °cC )
Distance Offset Size of source Opening
X Yx zX Y Z %
0] 0) 0 12 6 100

Maximum radiation flow:
168.106 kwW/m?

Orientation:
® = 90.0°
¢ = 0.00

Radiationfrom emitter for highfire load
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FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION
at a given point
from a system of fire sources

(all the dimensions are Iin meters)

X—-sources:
Radiation temperature 1039 °C

Distance Offset Size of source Opening
X T Zx Y VA %
16.62 0] 0] 12 6 100

Maximum radiation flow:
12.601 kW/m?
Orientation:

® = 90.00

¢ = 0.0°

Radiation from Building (c)at specific design separation



FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are in meters)

X—sources:
Radiation temperature 1039 °cC
Distance Offset Size of source Opening
X YX Zx Y z %
24.88 0 0 30 6 100

Maximum radiation flow:
12.596 kW/m?

Orientation:
@ = 90.00
¢ = 0.0°

Radiation from Building (d) atspecific design separation

Al¢



Appendix B

Comparison of Methods to Determine
Compartment Temperature






APPENDIX B

COMPARISON OF METHODS TO DETERMINE
COMPARTMENT TEMPERATURE

To compare the temperatures obtained using the various methods outlined in

Chapter 2, the following compartment will be analysed for a range of fire loads.

Compartment: 4 mwide X 6 m longx 2.5 m high with fire rated ceiling
Ventilation: One window 2.4 m long x 1.2 m high at 800 mm from floor
Interior Lining: Equivalentto timber framed wall with 16 mm Fyreline

Fire Load 1: Studio apartment at 400 MJ/m? of floor area

Fire Load 2: Professional office at 800 MJ/m? of floor area

Fire Load 3 File room at 1200MJ/m? of floor area

Fire Load 4: Bond store for duty free shop at 2000 MJ/m? of floor area
Ar  =24m?

A =2X24 +2x (4+6)x2.5=98m?

A, =288m?

JH  =1.095m*
AgVH =3.155 ms?
AJA: =0.0
AwlA: =0.12

1.0 ACCEPTABLE SOLUTIONS

Fire Loads 1 and 2 correspondto Fire Hazard Categories 1 and 2 and therefore
the emitted radiation is 84 kW/m?®. The Compartment temperature for this
radiationwould be 830°C. Fire Loads 3 and 4 are Fire Hazard Categories 3 and
4 and therefore the emitted radiationis taken as 168kW/m?. This corresponds
to a compartmenttemperature of 1039°C.



2.0 LAW'S TEMPERATURE EQUATION

T, - T, = 6000 (1-e') . (1-e%)
n’é

Taking h_ for wood = 16 MJ/kg, the fire loads are:-

FL1 =25kg/m?
FL2 =50kg/m?
FL3 = 75kg/m?
FL4 = 125kg/m?

A =98-29 =95.1m?

L1 =25x24 =600 kg

L2  =1200kg

L3  =1800kg

L4  =3000kg

n = AJ(A,H) = 95.113.155 = 30.1
W, = 600/(2.88 x 95.1)" =36.25

Wy =725

W3 =108.75

Ws =181.25

for FL1 T,- T, = 6000 (1-3%") . (1-e"*#)
J30.1
=870°C

=Ty =890°C

for FL2 T,- T, = 1039.7 (1-e%?)
=1012°C
= Tp =1032°C

for FL3 T,-T, = 1039.7 (1-e°4)
= 1035°C
= Tn = 1055°C



3.0

for FL4 T,-T,= 1039.7 (1-e°%)
= 10396
= Ty = 10596°C

STANDARD FIRE CURVES

Formulae are given in the Fire Engineering Design Guide to establish the

requiredfire rating of external walls. These formulae are empirical expressions

from Eurocode 1to establish the equivalentfire severity {, (min) where

t.=ek w

where g is the fire load (MJ/m? floor area)
k, is the insulation factor given by Table B-1

Ww; is the ventilation factor as given below

vApe(Jim?Ks®?) Typical Construction K, (min m*¥MJ)
<720 Insulating material 0.080
720to 2500 Concrete or plasterboard 0.055
>2500 Thin steel 0.045

A = thermal conductivity W/m K
p = density kg/m?
c = specific heat Jikg K

Table B.I: Insulation Factor k,

The ventilation factor w is given by:

W, =(gg)°-3 [0.62 + 90f0.4-cx,,)“1 >0.5

H 1+b,a,
where a, =AJA 0.05 5 a, <0.25
o, = AJA o, < 0.20
b, =125@1+10a,-a?)

A is the floor area of the firecell (m?)




4.0

A, is the area of vertical window and door openings (m?)
A,, is the area of horizontal openings in the roof (m?) and

H is the height of the firecell (m)

B4

These expressions have been put into a computer spread sheet and for each of

the fire load examples the attached output gives the requiredfire ratings as

for FL1 S =34 min
for FL2 S =67 min
for FL3 S =101 min
for FL4 S = 168min

=~ from ISO 834 equation

T, =860°C
Ty = 962°C
T, = 1023°C
Ty = 1099°C

KAWAGOE'S NOMOGRAPH

For a plasterboard wall take A = 0.5 kcal/mh°C

AVH =3.144 m*?

A

Ac
Fr

o

= 98 m?
=24 m?
=AJA;,  =0.245
= AWHIA; = 0.032

Taking the equivalentcalorific value of wood as 10.78MJ/kg in accordance with

Kawagoe's paper the equivalent weights of wood are:-

FL1
FL2

=400110.78 = 37.1 kg
= 74.2kg
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Table 1 of C3/AS1

B5

Fire Engineering

with variations for height and kb

[LocaTiONI

Appendix B example for FHC 1

S Rating Based On:

Notes on Input:

te = efkbwf  (min)

ef = Fire load from FHC (MJ/m*2)
kb = Insulationfactor (C3/AS1 uses 0.067)
OR Use 0.080 for insulating material

Use 0.055 for plaster board or concrete
Use 0.045 for thin steel

wf= ventilation factor based on Ah/Af & AWAf
(see Eurocode 1993formula in Sec 6.4
of Fire Engineering Design Guide)

Firecell Height {m}
kb
FLED (MJ/m#2)

2500

0055

2400000

Ah/AT

AVIAf

bv - 0 0.05 0.1 0.15 - 02

0.06
0.07
0.08
0.09

0.11
012
0.13
0.14

0.16
0.17
0.18
o1
020 E
0.21
0.22
0.23
0.24

e B, Bh 0 6 T Tl Rt s el e St s B e - fonith) Hixie-s B

SR o) By Gl Bl L By SR BR R S [ SHe Bl B

sosiETETE e Reg e ase e b ss e I pg RS g

35799 | 23 20 19 19 18

ORI

19.955 52 35 29 26 - 25
21.189 48 33 28 25 24
22420 45 30 26 24 23
23.649 42 29 25 23 22

26.099 36 26 23 21 21
27.320 34 24 22 21 20
28.539 Ky 23 21 20 20
29.755 30 22 21 20 19

St s B e B
33.389 25 20 19 19 19
34.595 24 20 19 19 18

el n L T e B e e e B D
21 19 18 18 18
20 19 18 18 18
20 18 18 18 18
19 18 18 18 18

sogglenagnanhie g g e

Filename. Firechart xis
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Table 7 of C/AS1 Fire Engineering
with variations for height and kb

[(OCATION] Appendx B example for EHC 2 1

S Rating Based On: te = efkbwf  (min)

Notes on Input: ef = Fire load from FHC (MJ/m*2)
kb = Insulation factor (C3/AS1 uses 0.067)
OR Use 0.080 for insulating material

Use 0.055 for plaster board or concrete
Use 0.045 for thin steel

WF= ventilation factor based on Ah/Af & Av/Af
(see Eumcode 1993formula in Sec 6.4
of Fire Engineering Design Guide)

Firecell Height (m) - 2500

kb 0,055

FLED (MJ/m*2) 800
Ah/Af

0 0.05 0.1 . ?

e R e

58
55
52
50

H ot et
46
44

AV/Af
008
0.06
0.07 21.189
0.08 22.420
0.09 23.649
000 24875 ¢
0.11 26.099
0.12 27.320
0.13 28539
0.14 29.755
o0 130969 |
0.16 32.180
0.17 33.389
0.18 34.595
019 35.798 45 1 39 38
0208 | :37.000 4] 3
0.21 38.199 42 38 37
0.22 39.395 41 37 37
0.23 40.589 40 37 36
0.24 41.780 39 37 36
ingigsiin mlgogee g pi s e ge i g

Filename: Firechart xds
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Table 1 of C3/AS? Fire Engineering
with variations for height and kb

[LOCATION] -~ AppendixBexampleforFHC3 . |

S Rating Based On: te =efkbwf  (min)

Notes on Input: ef = Fire load from FHC (MJ/mA2)
kb = Insulationfactor (G3/AS1 uses 0.067)
OR UseD.080 for insulating materia

Use 0.055 for plaster board or concrete
Use 0.045 for thin steel

wf = ventilation factor based on Ah/Af & Av/Af
(see Eurocode 1993 formulain Sec 6.4
of Fire EngineeringDesign Guide)

Firecell Height (M) 23500
kb 0.055
FLED (MJ/m*2) 1200
AR/AF
AVIAT bv 0 0.05 0.1 0.15 0.2
005 I BT i B0 e 3 i g T | B4 T8
0.06 19.955 156 105 88 79 74
0.07 21.189 145 98 83 75 71
0.08 22.420 134 91 78 72 68
0.09 23.649 125 86 74 69 66
00 T g L iiaqe e | el e T
0.11 26.099 108 e 68 64 62
0.12 27.320 101 73 66 63 61
0.13 - 28.539 94 70 64 61 59
0.14 29.755 89 67 62 60 58
hpAs it a0 960 i Hii g3 L Liigh L 6T 59 57
- 0.16 | 32180 | 79 63 59 50 57
0.17 33.389 75 61 58 57 56
0.18 34.595 71 60 57 56 55
019 | 35799 [ €8 | 59 | 56 6 | 55
000 s EYERYONG S ees i eede b B e | BB D KR
0.21 38.199 63 57 55 55 54
0.22 39.395 61 56 55 54 54
0.23 40.589 60 55 54 54 54
0.24 41.780 58 55 54 54 54
el D e e e e e 54 54

Filename:Firechart xis
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Table 10f C3/AS1
with variations for heightandkb

Fire Engineering

S Rating Based On:

Notes on Input:

te =efkbwf  (min)

ef= Fire load from FHC (MJ/m*2)
kb = Insulationfactor (C3/AS1 uses 0.067)
OR Use 0.080 for insulating material
Use 0.055 for plaster board or concrete
Use 0.045 for thin steel
wf= ventilation factor based on Ah/Af & Av/Af
(see Eurocode 1993formula in Sec 6.4
of Fire Engineering Design Guide)

Firecell Height (m)

kb

FLED (MJ/m*2)

AVIAf bv 0.15 0.2
005 i 2T

0.06 4

0.07 21.189 125 118

0.08 22420 120 113

0.09 115 109
040 Gl 08

0.11 107 103

0.12 104 101

0.13

Filename: Firechart.xs

B8
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B9

FL3 =111.3kg
FL4 =185.5kg

From Kawagoe's nomograph (1967) for A = 0.5 given on the following sheet:

TI =885°C

T2 =880°C

T3 = 1055°C

T4 = the fire load Of 185kg is off the scale d the nomograph but the line for

F, = 0.03 appears to be tending asymptotically to 1100°C.

SWEDISH CURVES

Fromthe types of enclosures defined inthe Swedish Curves the closestto this
example is the Type G which has 20% of the surface as concrete and 80% as
timber framing clad on both faces with 2 layers of 13 mm plasterboard.

Openingfactor = 0.032
FLI =400x 24/98 = 98 MJ/m? = 23.4 Mcal.m?
FL2 =46.8 Mcal.m?

FL3 =70.2 Mcal.m?
FL4 =117 Mcal.m?

For FL1 from Graph G2 for opening factor = 0.02 T = 800°C
from Graph G3 for opening factor = 0.04 T = 900°C

- Take T,, =850°C

For FL2 from Graph G2 T =880°C
from Graph G3 T =970°C

.. Take T, =925°C
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For FL3 from Graph G2 T estimated at 920°C (FL3 larger than graphed
values)
From Graph G3 T =990°C
- Take Tz = 955°C

For FL4 from graph G2 T estimated at 950°C (FL4 larger than graphed
value)

From Graph G3 T =1010°C
Take TN = 980°C

LIE’S SIMPLIFIED EXPRESSION

F=AsH" =0.0322
Ar

Taking the heat release of 1kg of wood as 2575 kecal (10.78 MJ) the fire loads
inkg of wood for total enclosure area are:

Q1 = 400 x 24198110.78 = 9.09 kg/m?
Q2= 18.17 kg/m?
Q3 = 27.26 kg/m?
Q4 = 45.44 kg/m?

Using the expression of burning duration of

T=_Q
330F

the peak temperatures will occur at:

t, = 9.09 =0.855 hr
330x 0.0322

t, =1.71hr

t =257 hr

ts =4.28 hr



70

Lie's expression is valid for:

0.01< F<0.15 (OKas F =,0322)

and t<0.08+1
F

ie. t<_.08 +1

0322
< 348 hr
= usethet, =3.48 hr.

= using Lie's expression:

Ty = 915°C

T, =1032°C
Ta = 1109°C
Ty = 1157°C

EUROCODE PARAMETRIC FIRE

To convert FLED to fire load/ftotal enclosure area:

FL1 =400 x 24/98 = 98 MJ/m?
FL2 =195.9MJ/m?
FL3 =293.9 MJ/m?
FL4 =489.8 MJ/m?

F, = AH*/A; =0.0322
For gypsumwallboard take:
k =0.48 W/mK

p = 800 kg/m®
C = 840 JikgK

B12
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V{kpc) =567. The EC1 places a minimum limit on this factor d 1000 so
this will be used.

- duration of burningt,, =.00013 x 98. E(ﬂ)z ; (1_16Q)2 1
.04 1000/ .0322
=0.00352 x 98
=0.35 hr
tes =0.69 hr
tas =1.03 hr
v =1.72hr
- i =.35x [.0322\*. (1 160)2
04 | \1000
=.35x0.87
=0.31 hr
2 =060hr
t*,  =0.90hr
4  =15hrs

Using the EC1 parametric formula:

Tet  =760°C
Tg  =847°C
Te  =908°C
Tee  =985°C

8.0 COMPARISONOF RESULTS

The results df the various analyses are summarised in Table 6.2 below. As can be
seen there is a spread of valuesfor each case with the EC1 parametric curve generally
being the lowest and the values using Lie's expression being the highest - generally
around 20% higher than the EC1 values. The compartment temperatures obtained

from using the standard ISO fire curve approach are generally midway in the range of



Bl4

values for each example. The relationship of the various methods can be seen more

clearly in Figure 8.2.

Compartment Temperatures ("'C)
Method -
FL1 FL2 FL3 FL4
400 MJ/m? 800 MJ/m? 1200 MJ/m? | 2000 MJ/m?

Acceptable Solutions 830 830 1039 1039
Law 890 1032 1055 1060
Standard Fire Curve 860 962 1023 1099
Kawagoe 885 990 1055 1100
Swedish Curves 850 925 955 980
Lie 915 1032 1109 1157
EC1 Parametric Curve 760 847 908 985

Table 6.2: Compartment Temperatures from
Alternative Methods

1200
1100
)
@ 1000
3
<
4]
a
E 900 -
L
I_
800
700 .
400 800 1200 1600 2000
FLED (MJim~2)
[_ Acc. Soln, - — — Law - -« --- Std Fire — - — - Kawagoe — - - — Swedish Lie -—:K—-EurocodeJ

Figure B.2: Comparison of Compartment Temperatures
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APPENDIX C
FLAME PROJECTION CALCULATIONS

Using the same compartment as in Appendix B, the external flame height and
projectionare calculated using the formulae proposed by Law and O'Brien (1981)
as given in the Fire Engineering Design Guide (Buchanan 1994).

Z= 128(R/W)®—h

R=  0.09 Ay V(h)
0.09x 2.4 x 1.2 x ¥(1.2)
= 0.284 kglsec

Z= 12.8x (284 12.4)* - 1.2
= 1.9 m above top of window

As h <1.25W

Projection of flame front = 2h | 3 =800 mm
Projectionto centre of flame = h/ 3 =400 mm

The Fire Engineering Design Guide proposes that the radiation from an external
flame can be determined by assuming a flame temperature of 600 °C and a flame
emissivity of 0.5. Therefore for a flame 1.9 m high x 2.4 mwide, the radiation at a
distance of 2.4 m would be 3.28 kW/ m? as shown on the attached radiation
analysis on C4.

Law and O'Brien state that the emissivity is related to the flame thickness A{m) by:

and the flame temperature Ty at a distance X along the centre of the flame is given
by:

Tr= 5201 {1 -0. 027(XW/R)} + Tambient



c2
The applicability of this equation was confirmed by full-scale testing at Lehtre

reported by Law (1981). Therefore at the flame tip T¢ = 540 °C and at the top of
the window.

Tr=  520/[1-0.027(1.9x2.4/.284)] +20
=938°C

As radiation is proportional to T* take

Ta= (540*+938%/2) &
=809 °C
g 1 _ 038

=021

Therefore for the same flame front given above, the radiation at 2.4 m would be

3.25 kW/ m? as shown on C5 which is very similar to the previous result. The
SFPE Handbook (Tien 1995) and Drysdale indicate that the emissivity of luminous
flames can be calculated from F = |-e™**,

Where K = effective emission coefficient
L = mean beam length

Some values of K given by Drysdale are:

Material K (m™)
Diesel Oll 0.43
PMMA 0.5
Polystyrene 1.2
Wood Cribs (1) 0.8
Wood Cribs (2) 0.51
Furniture 1.13

Table C.I Emission Coefficients

Values for L based on the formula L = CL, are given in Figure C-1 taken from
Chapter 1 — 4 of the SFPE Handbook. Taking the flame as the front face of a 1.9
m cube and a value of 0.8 for K as a representativefigure:

g =1-g %¥*9x8  —(033



c3
Drysdale makes the point that flames that have a high emissivity generally contain

large quantities of soot particles which provide a heat |0SS mechanism and hence
the flames are cooler. Because of the difficulies in accurately assessing external

flame temperatures Drysdale states that black body behaviour, ie € = 1.0 is
commonly assumed as a conservative approach.

However for this analysis the simple method proposed in FEDG will be used.

Assuming a compartment temperature of 842 °C the effect of the external flames
is analysed using the FIRECALC radiation module as shown on pages C6 = C10.
From these calculations the maximum radiation at a distance of 2.4 m from the
wall for just the window emission is 11.6 kW/ m®. If the effect of the flames are
included the radiationincreases to 14.67 kW/ m?, ie a 26% increase [Note that this
is similar to values reported by Law). The same effect can be obtained if the

window is assumedto be 0.32 m closer to the receiver.

Geomaelric Mean Correction
Gearmetry of Gas Body Radiating lo Beam Length Ly Factor C
SPHERE Entire surface 0.660 0.97
Plane end surface 0480 0.920
CYLINDER Concave surface 0520 0.88
H=0.50 Entire surface 0.500 0.90
CYLINDER Center of base 07T D 0.92
H=0D Entire surface 0.66 D 0.90
Plana end surface 073D 0.82
SI;(I)N DER Concave surface 0.820 0.53
Entire surface 0.808 0.91
SEMI-INFINITE ‘ Centar of base 1000 0.90
CYLINDER Entire base 081D 0.80
H e
0
INFINITE surface alement 2.00D 0.90
SLAB YoE e Bolh bounding planes 2000 0.90
CUBE Single face 0.660 0.90
DxD=xD
1 x 4 faca 0.9 0.91
oCcK
BDL; gx 40 1 x-1face 0.8 0 0.83
Entire suriace 0.0%0 0.91

Figure C.I: Mean Beam Lengthfor Various Gas Body Shapes



FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are in meters)

X-sources:
Radiation temperature 600 °C
Distance Offset Size of source Opening
X X ZX Y 2 %
2.4 0 0 2.4 1.9 50
Maximum radiation flow:
3.277 kW/m?
Orientation:
8 = 90.0°
$ = 0.00

Flame Radiation from FEDG
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(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are in meters)

X-sources:
Radiation temperature 809 ©°cC
Distance Offset Size of source Opening
X ¥x zZX Y Z %
2.4 0 0 2.4 1.9 21
Maximum radiation fTlow:
3.241 kW/m?
Orientation:
O = 90.0°
¢ = 0.0°

Flame Radiation from Law & O'Brien



FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are In meters)

X—-sources:
Radiation temperature 842 °C
Distance Offset Size of source Opening
X Yx zZX Y A %
2.4 0 0 2.4 1.2 100

Maximum radiation flow:
11.608 kW/m?

Orientation:
& = 90.0°
¢ = 0.00

Radiation from Window Only

C6



FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde. N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are iIn meters)

X-sources:
Radiation temperature 600 °C
Distance Offset Size of source Opening
X Y 7% Y 7 %
1.6 0 0 2.4 1.9 50
Maximum radiation Flow:
5.86 kW/m?
Orientation:
O = 90.00
¢ = 0.0°

Radiation from Flame Front at 2.4m from Wall

c7



FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are in meters)

X-sources:
Radiation temperature 842 °C
Distance Offset Size of source Opening
X x ZX Y Z %
1.6 0 0 2.4 1.9 18.8
Maximum radiation flow:
5.862 kW/m?
Orientation:
®@ = 90.0°
¢ = 0.0°

Equivalent Radiationfor Flame at Compartment Temperature

C8
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FIRECALC, wv.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are In meters)

X-sources:
Radiation temperature 842 °C
Distance Offset Size of source Opening
X ¥x zX Y Z %
1.6 0 -1.16 2.4 1.9 18.8
2.4 0 0.4 2.4 1.2 100

Maximum radiation flow:
14.669 kW/m?

Orientation:
® = 91.00
¢ = 0.00

Comt;ined Radiation from Window & Flame



FIRECALC, v.2.3, update 31 October 1994
(C©) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTp

RADIATION

at a given point
from a system of fire sources

(all the dimensions are in meters)

X-sources:
Radiation temperature 842 °C
Distance Offset Size of source Opening
X Y ZX Y Z %
2.08 0 0 2.4 1.2 100
Maximum radiation flow:
14.664 kwW/m?2
Orientation:
& = 90.00
¢ = 0.00

Equivalent Radiation from Window at Reduced Separation

C10



Appendix D

Comparison of Mirror Image and
Limiting Distance Concepts
for Boundary Separation






APPENDIX D

COMPARISON OF MIRROR IMAGE AND LIMITING DISTANCE
CONCEPTS FOR BOUNDARY SEPARATION

As an example, consider two buildings of similar size, 4 m high x 15 m long, built
on adjacent properties. Building 1 is constructed first and has 35% of the
boundary wall area unrated. Using the mirror image concept as calculated on
page D3, the required boundary separation is 20 metres. Building 2 B then
constructed but has a 100% unrated boundary wall and therefore from page D4
requires a boundary separation of 4.8 metres. This results in a total building
separation of 6.8 metres as illustrated in Figure D.1.

Fromthe FIRECALC analyses given on pages D5 and D6, it can be seen that:

a If Building 1 burns, the radiation on building 2 is 7.0 KW/ m? OK
a If Building 2 burns, the radiation on building 1is 20.0 kW/ m? NG

I Plane for

| 12.6 kW/m' ?g
. -3 £
LB —————— ot
VTS TGS ] f7777777777777777
P i /| Received| Recewved — ot 7
- [ 7 radiatio | radiation |/ ‘
-, @ A 200 wWis | 1owezet | ) j
¥ | 0 7| - y
I [, 0% 7
N
, IUNRATED 7] ! | UNRATED 4
/ BOUNDARY 7 | BOUNDARY ~
% WALL //A""‘— 20m —st=——{ 1 g ;( HMQL
// : /1 | p y

Combined Separatian

Figure D.1 Boundary Separations and Resultant Radiation
For Mirror Image Concept



D2
For the limiting distance concept, with a limiting distance of 1.0 m, the same

boundary separations as above would require the proportions of unrated wall area
to decrease to 28% and 52% as shown on pages Y and D8. Alternatively, the
boundary separations of the buildings must increase to 3m and 86m, as
calculated on pages D@ and D10, if the original proportions of unrated wall area
are used. However, in either situation, the radiation intensity at 1 m inside the
adjacent properties is limited to 12.6 kW/ m? S0 the situation is safe irrespective of
which building is constructed first or which building catches fire. This is illustrated
in Figure D.2. The resultant radiation intensities on each building from afire in the

other are given on pages D11 and D12, and are significantly reduced from the
mirror image concept.

Plane for __..l E I.._
12.6 kW/m' II g II
10m 10m |
777777777 777777 | T 777777 77T A
§ 24— Roceived| l Received # /]
v 1 rpdiatioq | radiahion e A
’ @ A o kWial | 56 kW/m [, @ 4
¢ 28% 1 [ , 52% y
C UNRATED ] : l| ,  UNRATED 1
[/ BOUNDARY 7} | I | Y BOUNDARY
L’ WALL /— zblm || 4 8m / WALL j
1 %

L

1

|
i | ]6.Bm

Combined Separation

Figure D2 Proportions of Unrated Wall Area and
Resultant Radiationfor Limiting Distance Concept
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FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are i1n meters)

X—sources:
Radiation temperature 830. °C
Distance Offset Size of source Opening
X ¥x ZX Y 7 %
6.8 0 0 15 4 35
Maximum radiation flow:
7.003 kW/m?
Orientation:
@ = 90.0°
¢ = 0.00

Radiation on Building.2from Building BFire
(Mirror Image Concept)
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FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are In meters)

X-sources:
Radiation temperature 830. °C
Distance Offset Size of source Opening
X F4%S Zx Y Z %
6.8 0 0 15 4 100

Maximum radiation flow:
20.008 kW/m?

Orientation:
O = 90.00
¢ = 0.00

Radiation on Building 1from Building 2 Fire
(Mirror Image Concept)



33
&K

ez vz 1wz el o (14 T v iU
&y M H
9215 9|Bueey
[4 o 13 Vv v ~ - e — PR . -
{uonosfoid + uoneipey)

€ we = eoumsi(] uonesedes
eouEsi() uoyeipey

€ §z Z s} b ) £
9ouB}SIQg 199X3
UDHEIPEY LUl | I )
[ | Buip|ing Jo} 92uBlSIP uoljesedes bnv:somrzor_kuOb_

sBuyping peusspjuLdsUn Uf BN [fBM PSBIUN 1O Suoipodald @qemolly
jdeouon eoumsig Buliw T - sqeL uouwdes Aepunog pesodald 66-UEM8S



D8

co wC L1] ny oE LE WL vo
% eale pajdsjoIdun peyjuLed
9 S 14 SE € $¢ < b

IV RN
&8

L 9 S Sr 4 gt € sT
L 9 S Sy 4 gt € ST

ZWWIMY BZE = uone|pey DURWI

oy 1 &¥ wa 1 e -r
v [*"3 ™
o M H
925 ojBugoey
wv v ar —_—— = PRt . -
{uopoefoig + upHeIPER)
S'h 3 25 wss= eounsig uopesedes
St b 8's @JUEISIQ VOREIPEY
@oue)sIg joBX3

_ . _
L 7 Buipiing 10} 03usisip uoneredes Kepunca] NOWLYI0|

sBuIplINg PAmIXULTEUS) Ul By 9M PRIRNIN O $UOHIOIAL] SqENSY

jdeouon eousjsig BuiwT - SOIqRL Uojesedes Ampunog pesodald 66-Uer-Z



D9

six-osdunx :eweus|l4
At 7R R/ [} S 144 or SE e :74 vz %4 13 Ll SE [o:7] St 14
oy M H
A AT AR A R ez o|Buroay
€€ 135 8Z LT sz €z Iz 6 Lb S €k 1 8 ] L [} S 14 St € ST 54 v Su u © — - T
(uonoe(oid + UoREIPEY)
Ve e oe 14 8 vz 44 (074 gl 1% vl 4% 0l 8 2 L [} S Sy 14 S€ € ST z S’k } ¥ ws= e2ums|q uoeiedes
Ve 4% ot 82 oz ¥z 144 74 8k ol 143 t43 [+]3 [} 8 L 9 S Sv v St € §T z St 8 ¥ eoues|q Uolelpey
SoURj§/g 1o9x3
w x] eouEysiq BuRw CvSIA B Ch = ——pir e = m

w o d eouegsi(] uoposfold Pweld L = Awssiw3 _ z = DH4 KioBeyen pieTeH 85

Bupeeubuz &l

| | Buipjing Joj eouesip Uoneledes Aepunog] INOILY201]

sBuIpyng PassULISUN Ul BRI IIBM PRIRAIN JO Suoiuodald S{qeMalY

1desuoy eoussKg BuywIT - §&(qeL voeedes Aepunog pesodauy

66-Uer-8Z



D10

it il A A AL

o0k 28 el S9 ¥S 124 ov SE e (:14 vZ. 12 6l _ L 00} _ 09 Sl ¥

W w w

oy M H

9% BQJ8 Peldaloidun paiuLed 9215 o|Bueey
£€E 3 6z LT 14 174 34 13 Lh 13 €l 113 8 8 L 9 S 14 S€E € ST [4 s b S0 0 28 wxj-g= SouUKF( Aspunog
(uopaefoud + uoge|pey)
e 4 o€ 8z 74 24 [#4 oz 13 13 ri 43 ot 6 8 L 9 S Sy 14 St € ST z St 3 96 wg= eoums|q uopwedeg
ve 4 oe 8z 8z |14 [#4 74 -3 9 ¥l 143 [+]3 8 8 L ] S S¥ 14 SE € ST z S 3 96 S2uElS|(g UoREpEY
eousysig joex3
wy = x eoueysig Bupw T 9T = uopeipey Bugwr] B

w 0 = d QouEjsiq uopdeford ewe|d 3 = Aissiwg = DHd AioBejen piezey suiy

Bueeuibuz esy

Z Buip|inq o] eaue;sip uojesedes Lepunog|

‘NOWLY207]

sBuipiing pampyuudsun Uf BaUY B POIBIUN JO SUOIIOTA] 8|qRMOlIY

1deauoy eausysig BuyiwyT - 59(qe) uojemdes Ampunog pesodayy

6e-uer-gz



D11

FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are in meters)

X-sources:
Radiation temperature 830. °C
Distance Offset Size of source Opening
X Y 7% Y 2 %
6.8 0 0 15 4 28
Maximum radiation flow:
5.602 kW/m?
Orientation:
e = 90.00
¢ = 0.0°

Radiation on Building 2 from Building 1 Fire
(Limiting Distance Concept)



FIRECALC, v.2.3, update 31 October 1994
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia
Licensed to FRASER THOMAS LTD

RADIATION

at a given point
from a system of fire sources

(all the dimensions are in meters)

X-sources:
Radiation temperature 830. °C
Distance offset Size of source Opening
X X ZX Y Z %
6.8 0 0 15 4 52

Maximum radiation flow:
10.404 kW/m?

Orientation:
& = 90.00
¢ = 0.00

Radiation on Building 1from Building 2 Fire
(Limiting Distance Concept)
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Appendix E

Boundary Separations using
the Proposed Modified Parameters






APPENDIX E

BOUNDARY SEPARATIONS LWISING
THE PROPOSED MODIFIED PARAMETERS

Using the modified parameters detailed in Chapter 6 and the limiting distance concept,
the examples used in Appendix A are reanalysedon the following pages. The original
and new boundary separations of the examples to allow unrated boundary walls are

shown in Table E.1.

Fire Hazard Enclosing Original New Separation
Category Rectangle Separation (m) (m)
1 3x12 3.65 55
2 3x40 4.75 9.9
3 6x12 8.30 13.6
4 6x30 12.40 22.0

TABLE E.l: COMPARISON OF BOUNDARY SEPARATIONS

Tables E.2 to E5 give the modified boundary separation tables for each of the fire
hazard categories whilst Tables E.6 and E.7 are based on the original C3 tables, and
are providedfor comparison.
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E6

ion Tables for FHC 1

Proposed Separat

Table E.2
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Proposed Separation Tables for FHC 3
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Proposed Separation Tables for FHC 3 (cont'd)
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